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The Olympic copper-gold province of South Australia is home to the world’s largest uranium 
resource, representing at least 23% of the known global uranium budget. The primary 
commodity produced is copper, with secondary Au, Ag, and U (as U3O8) also recoverable in 
economic quantities. Processing the complex, fine-grained ore from Olympic Dam involves 
multiple, customisable stages of physical and chemical separation of target elements from non-
target elements. During some stages of processing, deleterious components of the ore may 
behave adversely, affecting recovery efficiency or purity of product. Of particular interest to 
process engineers are daughter radionuclides (RNs) created from decay of 232Th, 235U, and 
especially 238U. Specific activities of 226Ra, 210Pb, and 210Po are such that even concentrations 
of parts-per-trillion may be above acceptable levels for marketable copper concentrate.  
Most conventional analytical platforms emphasise either sensitivity (solution inductively 
coupled plasma mass spectrometry, thermal ionisation mass spectrometry) or high-resolution 
imaging (transmission electron microscopy, atom probe tomography). Ultra-trace-level RN 
concentrations combined with the extremely fine-grained nano-included mineral textures of 
Olympic Dam ore present an unusual challenge for researchers, in that few analytical 
techniques excel in both sensitivity and resolution. A comparison of available methods yielded 
excellent results from the CAMECA nanoscale secondary ion mass spectrometry (nanoSIMS) 
platform, capable of detecting (for the first time) extremely low RN signals in minerals with 
sub-micron resolution; consequently, nanoSIMS was chosen as the primary analytical method 
for this project. 
Subsequent to extensive method development and testing, over 3200 isotopic spatial 
distribution maps were collected on mineral samples from raw ore material, flotation 
concentrate, and acid-leached concentrate provided by BHP Olympic Dam. A qualitative RN 
 xii 
budget has been created, prioritising minerals which contain significant RNs but also including 
unexpected minor host minerals and surficial adherence.   
Four manuscripts have resulted from these analyses, detailing RN host capabilities of 
various minerals including uraninite, brannerite, coffinite, thorianite, euxenite, apatite, fluorite, 
xenotime, monazite, baryte, anglesite, and Sr- and Ca-rich alunite-series phases. Mechanisms 
for surface-sequestration of RNs in high surface area minerals such as covellite and 
molybdenite have been identified, as well as electrokinetic effects responsible for substantial 
uptake of RNs on the surface of sulphide minerals. 
Additionally, diffusion experiments were performed on synthetic minerals to determine 
mobility of Sr, Ba, Pb, and Ra under varying conditions common to mineral processing. Two 
manuscripts have resulted from these investigations, emphasizing that baryte and anglesite are 
well-suited to remove substantial amounts of Ra and Pb from processing streams, especially 
during acid-leaching, through coupled dissolution-reprecipitation mechanisms. Laser ablation 
inductively coupled plasma mass spectrometry and nanoSIMS both provided excellent visual 
evidence for Ra uptake, well in agreement with published results from other research teams.  
As a whole, the data set produced during this project has greatly increased our understanding 
of the deportment of radionuclides at Olympic Dam – and in uranium-bearing ore systems in 
general. Provided these data, process engineers are now better-suited to design and implement 
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Chapter 1: Introduction 
Humankind has spent centuries, and in some cases millennia, perfecting methods for extraction 
of valuable metals and non-metals from the Earth. As time progressed and exceedingly rich 
metal deposits were discovered, exploited, and then exhausted, technology advanced to allow 
miners to economically exploit deeper, more complex, lower concentration ores.  
Traditionally, end-products headed for the world market have been allowed reasonable 
levels of impurities so long as performance of those products was not affected. Although 
increased demand and higher quality standards have resulted in the reduction of allowable 
impurities in products such as copper concentrate, a range of contaminant elements (e.g., Ni, 
Zn, As, Pb, Sb, F) may still be allowed, even if financial penalties may be imposed (Lane et 
al., 2016). 
Global copper refineries currently produce around 23 Mt (valued at ~USD 150 billion) 
annually (www.statista.com). Though not ubiquitous, uranium is not uncommon in copper 
deposits and may even be present in concentrations at which it may itself be economic to 
extract. Although uranium (and thorium, if present) are relatively simple to separate from 
copper concentrate via the application of relatively straightforward hydrometallurgical 
procedures, the daughter products from radioactive decay may present a more significant 
challenge. These radionuclides thus represent a special category of “non-target elements” and 
need to be carefully monitored due to the extremely low concentration limits permissible in 
concentrates for sale on world markets. 
Processing techniques have remained largely unchanged over the years, even if efficiencies 
have been vastly improved in some areas. Froth flotation, solvent extraction, and 
electrowinning/electrorefining processing techniques have all been in common industrial use 
for roughly a century or less. Even with technological advancements in processing methods of 




all kinds, and the improved optimisation of processing circuits allowed by advances in real-
time sensing and digital plant modelling, there still exist major challenges to producing high 
quality raw materials for world markets with ever decreasing concentrations of deleterious 
elements. This is particularly valid for the reduction/elimination of daughter products from 
radioactive decay, where successful innovation in extractive metallurgy is dependent on a 
comprehensive understanding of the deportment of these unwanted components. Despite some 
verifiable facts underpinned by theory and a range of logical assumptions about the likely 
distribution of U-238 decay chain radionuclides in Cu-U ores and processing circuits, there 
was, at the start of this Ph.D. project, no comprehensive mineral-by-mineral documentation of 
radionuclide distributions in any active mining-processing operation. The work reported here 
is intended to fill this research gap. 
1.1 Background 
1.1.1 Radioactive decay 
Not recognised as hazardous materials until around 100 years ago (Martland et al.,1925), the 
natural radioactive daughters of 238U, 235U, and 232Th decay represent hidden, but omnipresent 
components of any ore containing U or Th. In the Olympic Dam system, daughters from the 
232Th and 235U decay chains have concentrations such that they are of little concern in mining-
processing operations. Activities of these daughters are too low to accumulate during the 
timeframes of mine-to-concentrate-to-smelter processing (days to months). The 238U decay 
chain, however, does have a few members which have the right combination of half-life and 
concentration to accumulate in various materials within the processing circuit. Figure 1.1 
shows the 238U decay chain, highlighting radioisotopes towards the end of the decay chain 
which are a particular focus of this thesis because of their half-lives, concentrations and 
 4 
Figure 1.1. Schematic illustration of the 238U decay chain with half-lives. The isotopes of interest 
are circled in green. Modified by Mark Rollog based on the “Decay Chain of Uranium-238” svg 
image by Wikipedia contributor ThaLibster. 
 




geochemical behaviour. In addition to these, 226Ra also is also an isotope of interest due to its 
chemical similarity to Pb, at least with respect to sulphate chemistry. 
1.1.2 Olympic Dam 
The natural samples analysed during this project were provided by BHP Olympic Dam, owner 
and operator of the Olympic Dam mine, processing plant, smelter and refinery operation 
located approximately 525 kilometres NNW of Adelaide, South Australia. As such, brief 
descriptions of the deposit, its geology, mineralogy, and processing operations are included to 
provide context for the project and to better understand the nature of research undertaken. 
Discovered in 1975 under 350 m of sedimentary cover and first described a few years later 
(Roberts and Hudson, 1983), the Olympic Dam Cu-U-Au-Ag deposit boasts a (June 2016) 
reserve of 10 727 Mt at 0.72% Cu, 250 ppm U3O8, 0.3 g/t Au and 1.0 g/t Ag (BHP, 2018). 
Early description of the deposit formed the basis for a new class of magmatic-hydrothermal 
ore deposits, so-called iron oxide copper gold (or IOCG) deposits (Hitzman et al., 1992) that 
have since been recognised on all continents. IOCG deposits are conspicuous by the dominance 
of iron oxides (hematite and/or magnetite) over all other minerals. Although many IOCG 
systems are relatively enriched in uranium (e.g., Barton, 2014), Olympic Dam is unique in that 
uranium is present at concentrations at which it can be economically exploited. It is currently 
the world’s largest known uranium deposit, third largest gold deposit, and fifth largest copper 
deposit (Ehrig et al., 2012). Mining operations commenced in 1988 producing copper cathode, 
gold and silver bullion, and uranium oxide concentrate (UOC). 
The deposit lies within the Olympic Dam Breccia Complex (Reeve et al., 1990), which is in 
turn hosted entirely within, and largely derived from, the albitised Roxby Downs Granite 
(RDG). Olympic Dam is the largest of many IOCG systems on the eastern margin of the Gawler 
Craton (the Olympic Cu-Au Province; Skirrow et al., 2007; Reid, 2019). These deposits, which 
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display many similarities in terms of mineralogy despite divergent host rocks are considered to 
be precipitated from hydrothermal fluids associated with the Hiltaba Suite, of which the RDG 
is affiliated, and the co-genetic extrusive Gawler Range Volcanics (Fanning et al., 1988; Flint, 
1993; Creaser and Cooper, 1993; Johnson and Cross, 1995). Together, these magmatic rocks 
are the product of the 1600-1585 Ma Gawler Silicic Large Igneous Province (LIP; Allen et al., 
2008) contemporaneous with break-up of the Columbia palaeosupercontinent. Although a 
~1590 Ma age for Olympic Dam has been established for some time (Johnson and Cross, 1995), 
the timing of RDG emplacement and Olympic Dam formation has recently been better 
constrained from a combination of U-Pb dating of RDG-hosted magmatic zircon (Cherry et al., 
2018) and hydrothermal hematite (Courtney-Davies et al., 2019) at ~1593 Ma.  
Extensive research at Olympic Dam and adjacent prospects over the past decade have 
recognised the impact of several subsequent geological events, including the 1565-1540 Ma 
Kararan orogeny (Flint, 1993), a less well-defined event possibly associated with the long-lived 
Musgravian orogeny in Central Australia at 1220-1120 Ma (Cherry et al., 2017), intrusion of 
the 830-800 Ma Gairdner LIP dike swarm basalts and dolerites (Huang et al., 2015), and the 
514-490 Ma Delamerian orogeny (Foden et al., 2006). Debate has centred on whether these 
events contributed additional metals or merely provided the heat and fluids necessary to drive 
observed cycles of replacement, remobilisation and recrystallisation that have been recognised 
in a wide range of minerals from Olympic Dam and elsewhere in the Olympic Cu-Au Province.  
The Olympic Dam deposit is enriched in at least 40 elements relative to crustal values (Ehrig 
et al., 2012). As a result, the mineralogy of the deposit is extraordinarily complex (Ehrig et al., 
2012, 2017) and has received much attention in recent years as part of efforts to better constrain 
ore genesis, and for mine planning and processing optimisation (i.e. geometallurgy). Much of 
the resource consists of a hematite breccia (Roberts and Hudson, 1983; Ehrig et al., 2012, 2017 
and references therein). Ores are dominantly made up of hematite (up to 80% of the ore; 




Verdugo-Ihl et al., 2017), copper minerals (bornite, chalcopyrite and chalcocite; Ehrig et al., 
2012; Ciobanu et al., 2017a), and a wide range of gangue minerals, dominated by iron oxides 
but also including quartz, feldspars (Kontonikas-Charos et al., 2017), siderite and other 
carbonates (Apukhtina, 2016), chlorite, pyrite, baryte (Schmandt et al., 2019b), fluorite 
(Schmandt, 2019) and apatite (Krneta et al., 2016, 2017). Uranium minerals are represented by 
uraninite, coffinite and brannerite in approximately equal abundance (Macmillan et al., 2016, 
2017), although minor yet measurable U is also noted in hematite (Ciobanu et al., 2013; 
Verdugo-Ihl et al., 2017) and many other gangue minerals. The deposit contains significant 
concentrations of rare earth elements, dominated by bastnäsite (Ciobanu et al., 2017b; 
Schmandt et al., 2017), with lesser florencite and xenotime (Schmandt et al., 2019a), 
synchysite, and complex phosphate-sulphates of the alunite supergroup (Owen et al., 2019). 
Mineral textures and relationships between species are equally complex, with widespread 
evidence for heterogeneity down to the nanoscale (e.g., Ciobanu et al., 2019; Verdugo-Ihl et 
al., 2019b). 
The deposit is roughly zoned with regard to copper mineralisation and progresses from 
pyrite → chalcopyrite → bornite → chalcocite from the margin to the centre (Reeve et al., 
1990; Ehrig et al., 2012). Zoning patterns are considered to be primary features and have not 
been destroyed during later overprinting (Ehrig et al., 2012, 2017; Dmitrijeva et al., 2019; 
Verdugo-Ihl et al., 2019a). At least two stages of uraninite deposition have been identified. 
Early high-temperature, high-Pb uraninites are 10-50 µm euhedral cubic crystals, while later, 
low-Pb generations exhibit zonation, cob-web structures, and are suggestive of low temperature 
(<250 ˚C) hydrothermal formation (Macmillan et al., 2016). High precision 238U/235U analysis 
(Kirchenbaur et al., 2016) is indicative of uranium originating from the host granitoid, felsic 
volcanic or similar igneous shallow crustal source, but also indicates the possible addition of 
uranium between 1590 Ma and 500 Ma. 
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1.2 Ore processing and radionuclide distributions  
Processing circuits at Olympic Dam are described in BHP Billiton (2009). Ores are crushed 
and ground to a P80 of -32 μm prior to froth flotation. Uranium is recovered via mildly 
aggressive oxidative, sulphuric acid leaching of Cu-sulphide depleted flotation tailings (8-12 
hours at pH = 1-1.5). Uranium is then extracted from the leach liquors via solvent extraction, 
ammonium diuranate precipitation, and calcination to produce UOC. Uranium is also recovered 
from sulphuric acid leaching of flotation concentrates, a step primarily designed to remove 
fluorite prior to smelting (Ragozzini and Sparrow, 1987). 
As in any processing operation, care must be taken to minimise concentrations of non-target 
elements in concentrates. Olympic Dam ores do not contain high levels of the more common 
non-target (penalty) elements such as As, Sb, Bi or Pb (e.g., Lane et al., 2016). There needs, 
however, to be careful monitoring of the concentrations of radionuclides (RNs) produced from 
the decay of Uranium-238, notably 226Ra, 210Pb, and 210Po. These short-lived, high specific 
activity RNs may become relatively enriched in flotation concentrates compared to ore, and at 
sufficiently high concentrations may impact downstream processing. Notably, the more 
volatile 210Po readily vaporises as diatomic Po2 and accumulates as dust in the smelter gas 
cleaning circuit. 
Radionuclide activities in representative flotation feed (ore), unleached copper concentrate 
and leached copper concentrate samples are given in Table 1.1. There is a marked increase in 
all RN activities from ore to flotation concentrate while retaining secular equilibrium, 
indicating that RNs are preferentially associated with Cu-sulphides. Most importantly, leached 
concentrate is not in secular equilibrium, being particularly enriched in 210Po relative to the 
unleached analogue – although this is due in part to the recycling of CuSO4-enriched smelter 
dust (also enriched in 210Po) back into the processing stream. The measured lack of equilibrium 
suggests that 226Ra, 210Po and 210Pb are not removed along with U, in turn implying that they 




are either not co-hosted with U, or that these RNs are leached and then are either solubilised or 
are adsorbed onto other minerals.  
Table 1.1. Uranium concentration (ital.) and radionuclide activities at Olympic Dam (Bq/g), after 







1 Bq/g equivalent 
U (ppm) 600 2100 145  
238U 7.4 26 1.8 79 ppm 
230Th 7.5 30 2.5 1.3 ppb 
226Ra 7.2 24 27.5 28 ppt 
210Pb 6.6 30 26 400 ppq 
210Po 7.6 30 58 6.7 ppq 
 
Understanding the physical and chemical nature of these RNs in ore and processing products 
is thus an essential requirement for any attempts to remove them. Generating products with <1 
Bq/g per radionuclide (International Atomic Energy Agency, 2004) provides BHP the option 
of sending concentrate directly to market or submitting for further in-house processing, 
smelting and refining. With this in mind, the Australian Research Council (ARC) Research 
Hub for Australian Copper-Uranium was established to provide new data and interpretations 
that would document the mineralogical deportment of radionuclides and guide development of 
methodologies to reduce the activities of each radionuclide to <1 Bq/g. Doing so is in the direct 
interest of sustainable exploitation of IOCG deposits in South Australia but with broad 
application elsewhere in Australia and overseas.  
The ARC Research Hub for Australian Copper-Uranium, to which this thesis and contained 
publications are a contribution, is the first major interdisciplinary research project to address 
the key issue of these specific non-target elements in copper ores. Analysis of 226Ra and 
individual 210RNs have, to this point, been largely limited to bulk analysis (Hondros, 2014).  
The decision was made to investigate this issue further, in far greater detail and at appropriate 
scales of observation, with the expectation that analysing the mineralogical and chemical make-
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up of the ore down to the atomic level would shed light on the counterintuitive and 
counterproductive behaviour of 210Pb and 210Po. 
Figure 1.2 shows a simplified flowsheet for minerals processing, terminating in the final 
economic products of copper cathode, gold and silver bullion, and UOC. Since RNs behave 
differently throughout the process stream, samples provided for investigation included ore feed, 
flotation feed, flotation tailings, flotation concentrate, concentrate leach discharge, and tailings 
leach discharge. Analyses focussed on flotation concentrate and concentrate leach discharge, 
but all sample types were at least surveyed and characterised using optical microscopy and 
scanning electron microscopy. 
 
Figure 1.2. Simplified flowsheet for Olympic Dam copper processing. Created from data 
provided by BHP Olympic Dam. 
1.3 Previous work 
Due to the specific nature of this issue, previous research in this area is quite limited, or better 
said, there is very limited information available in the public domain. BHP Olympic Dam has 
conducted significant prior research regarding the mobility and removal of RNs from their 




concentrates in conjunction with the Australian Nuclear Science and Technology Organisation 
(ANSTO), although this work remains largely confidential and unpublished. Access to much 
of these data was granted exclusively to Hub researchers to provide a foundation for future 
work – and to avoid experimental repetition. Although previous work found only limited 
success in reducing radionuclide activities in smelter feed, it raised questions about the roles 
played by mineralogy, chemical speciation and physical location of radionuclides at micro- to 
nanometre scales, and hinted at both the complexity of radionuclide distributions in Olympic 
Dam ore and the need to identify means to visualise those distributions down to the smallest 
scales. These are among the questions which the ARC Research Hub for Australian Copper-
Uranium has sought to answer. 
A broader literature overview reveals many seemingly tangential publications which 
provide valuable insight and direction relating to our specific objective. Papers regarding 
general principles of radioactivity; the geochemistry of uranium and its decay products in 
mining, processing and tailings disposal; and the distributions of radionuclides in the 
environment, ranging from volcanic activity to active hydrothermal systems, sediments and 
waters, to plant and animal life, food and the atmosphere (see review in Cook et al., 2018) – 
some dating back over 100 years – have provided a wealth of geochemical information. The 
most valuable resource has been the anthology regarding chemical and physical characteristics 
of the individual radionuclides themselves. 
Published research on polonium chemistry has been limited since its discovery in 1898 
(Curie et al., 1898) due to its high radioactivity and scarcity. Significant research occurred 
during and immediately after World War II resulting from its use as a trigger for early-
generation nuclear weapons. Military interest declined after the war with the development of 
alternative, safer triggers; consequently, research interest had virtually disappeared by 1960. 
Currently, most Po research addresses environmental issues (at environmental concentrations) 
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with limited published work related to elevated Po activities seen in the mining industry 
(Roessler, 1990; Cook et al., 2018). There are, however, a few studies relating to elevated Po 
levels in the environment as a result of uranium mining. Although not directly relevant from a 
minerals processing perspective, they do provide insight into the interactions between Po and 
geologic materials such as ground water (Carvalho et al., 2005), rivers (Carvalho et al., 2007), 
and soils (Maity et al., 2011; Michel and Champion, 2019). A few comprehensive studies of 
polonium chemistry are worthy of note, however, including Maxwell, 1946; Haring and 
Yalman, 1949; Moyer, 1956; Bagnall, 1957, 1973; Weigel, 1959; Figgins, 1961; Zikovsky, 
1998; and Ram et al., 2019.  
Similar to 210Po, the current focus of most 210Pb research is environmental in nature. Since 
210Pb chemistry is virtually indistinguishable from Pb(total) chemistry, there are few publications 
specific to the chemistry of this isotope. There are, however, many excellent resources which 
address overall inorganic Pb chemistry including general reference (e.g., Swadźba-Kwaśny, 
2015; Rumble, 2017) and academic texts (e.g., Cotton et al., 1999). Importantly, there are also 
a small number which relate specifically to 210Pb in mining operations or waste handling (e.g., 
Bonczyk, 2013; Bister et al., 2015; Vaasma et al., 2016). Increasingly, 210Pb is being used for 
dating sedimentation and soil erosion rates (e.g., Pheiffer Madsen and Sørensen, 1979; Oldfield 
and Appleby, 1984; Appleby et al., 1986).  
A review of radium research has by far been the most fruitful for this project, having 
provided detailed investigations involving Ra in natural minerals, boiler scale, oil and gas 
pipelines, coal production, and mining and ore processing – to name a few. The two common 
themes among these are: Ra behaviour correlating to that of other Group 2A elements (Mg, Ca, 
and especially Sr and Ba); and Ra behaviour as a water- and acid-insoluble sulphate.  




Radium uptake into baryte has been known for almost a century (Germann, 1921; Doerner 
and Hoskins, 1925). Investigation of this phenomenon continues today with, for example, 
detailed nanoscale observation of (Ba, Ra)SO4 replacement of BaSO4 aided by internal porosity 
(Weber et al., 2017), or how uptake in baryte is affected by the presence of Sr (Vinograd et al., 
2018a, 2018b). Recrystallisation experiments under various conditions, backed by 
thermodynamic calculations, have shown significant potential for Ra uptake in (Ba,Sr,Ra)SO4 
+ H2O systems (Curti et al., 2010; Brandt et al., 2015). Notably relevant to our research are 
reports on the Taiwanese natural hot spring mineral hokutolite (plumbian barite) which has a 
remarkable capacity for incorporating Ra during formation (Momoshima et al., 1997; Chao et 
al., 2009). 
Although anthropogenic in nature, boiler scale (Poggi et al., 2015), reactor scale, and sludge 
from oil and gas production (Hamlat et al., 2003; Gazineu and Hazin, 2008; Zhang et al., 2014) 
are all analogues of natural mineral systems. Sulphate or carbonate precipitation of Sr, Ba, or 
Pb may quantitatively incorporate available Ra2+ within their crystal lattices, either directly 
during crystallisation or during subsequent coupled dissolution-reprecipitation (CDR) 
alteration. Mechanisms are similar to those in natural systems, only environmental conditions 
may be more extreme. Coal ash may also contain radionuclides, including 226Ra (Baba, 2002; 
Janković et al., 2011), but the chemical form of the Ra is unknown. Long term release of coal 
ash may pose a threat when exposed to ground water, as it is likely that Ra may precipitate out 
as a complex sulphate or carbonate which may then be transported long distances from the 
source (Pluta, 2001). 
Equally relevant to our objective, research regarding Ra in mining production and waste 
handling has produced a few applicable papers. Radionuclide contamination around former 
(e.g., Carvalho et al., 2007, 2014), current (Osmanlioglu et al., 2017), and pending (Suman et 
al., 2017) U and Ra mining sites has been investigated. Uranium-238 also occurs in phosphate 
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rock; its decay products (including 226Ra) must therefore be monitored in waste materials 
(phosphogypsum) remaining after fertiliser production (Roessler, 1990).  
1.4 Aims, objectives, and project progression 
One of the objectives of the ARC Research Hub for Australian Copper-Uranium – and by 
association the aim of this Ph.D. – is to locate, characterise, and (ideally) quantify RNs in 
copper concentrates. As a member of the mineralogical assessment and characterisation group, 
the primary objective was to determine RN distributions in copper concentrate minerals at the 
micro- or nanoscale using multiple complementary techniques. Expected output from this 
research included a list of proven RN host minerals with estimated RN loads in each stage of 
processing, and recommendations to the minerals processing group regarding their removal.  
This project evolved throughout its course to benefit from, complement, and feed into other 
projects within the Hub. From commencement, it was anticipated that nanoscale techniques 
would play a major role in identifying and characterising RN-bearing nanoparticles in materials 
from various stages of processing. It was also believed that 206Pb could be considered a proxy 
that could help unravel the complex behaviour of 210Pb and 210Po and ideally determine the 
cause for the disruption of secular equilibrium following acid leaching. 
It was determined fairly early on, however, that 206Pb was in no way a proxy for 210Pb, so 
an alternative technique had to be found to directly observe 210RN distributions. After being 
shown examples of nanoscale secondary ion mass spectrometry (nanoSIMS) isotope maps of 
13C-labeled bacterial clusters (Onetto Carvallo, 2018), this technique was proposed as a 
possible investigative avenue and initial tests run on the CAMECA nanoSIMS 50L in Perth in 
February 2017 returned excellent results. From that point forward, nanoSIMS became the 
primary analytical technique employed due to its ability to (qualitatively) map very low 




concentrations of 238U, 234U, 230Th, 226Ra, 210RN, and 206Pb in mineral grains at very high (<1 
µm) lateral resolution. 
In response to many discussions and evidence provided by other research groups, the focus 
of the project shifted from 210Pb-210Po to 226Ra-210Pb. This was in part due to the inability of 
nanoSIMS to distinguish the respective 210 isotopes (or to convincingly see 210Po at all), as 
well as taking into consideration the shorter half-life of 210Po. Technically, stockpiling copper 
concentrate for 18 months would result in a sufficiently low 210Po activity product – but only 
if the 210Pb had been removed to prevent ingrowth. This would not be an ideal solution for BHP 
Olympic Dam, but a possible solution nonetheless.  
Focus thus shifted to Pb removal, with additional effort spent studying Ra due to the similar 
insolubilites of Ra and Pb as sulphates. If Ra could be minimised in a sulphate-rich 
environment, then Pb (including 210Pb) should be correspondingly reduced. To this end, 
investigation of various processing samples was supplemented with diffusion experiments on 
pure mineral separates using solutions of isolated RNs. Natural mineral separates were 
eventually superseded by synthetic mineral analogues, grown in the lab to control purity. A 
solution containing 100 Bq/ml Ra was acquired from the Environmental Protection Authority 
South Australia, and the mineral proxies were exposed to Ra solution under various conditions.  
Chalcogenides were also prepared in the lab, consisting of Ag, Bi, and Pb sulphides, 
selenides, and tellurides. Po solution (~300 Bq/ml) was produced from Au-plated Ag/Po foil. 
The chalcogenides were exposed to Po solution and a selection of the crystals were 
subsequently analysed by scanning electron microscopy (SEM) and nanoSIMS. The results 
were, however, somewhat tainted by excessive Au in the Po solution and these data are only 





1.5 Structure of the thesis 
This research has involved analyses using a range of qualitative and quantitative 
microanalytical techniques capable of characterisation at different scales of observation. These 
techniques are summarised in Chapter 2, together with information on the sample suite. 
The application of nanoSIMS to directly observe radionuclide distribution in natural 
samples had previously only been attempted once, by a group investigating the transport of 
plutonium on amorphous iron oxide colloids (Novikov et al., 2006). Verification of this 
technique, and its novel application to mineral grains, is presented in Chapter 3. Individual 
grains of Olympic Dam copper concentrate were mapped which show clear and logical 
distributions of 238U, 234U, 230Th, 226Ra, 210RN (predominantly 210Pb), and 206Pb. Issues 
regarding possible isobaric mass interferences and other issues are discussed. Verification and 
publication of this method justified continuation of nanoSIMS isotope mapping, leading to the 
results presented in Chapters 4 through 7.  
NanoSIMS mapping of mineral grains has proven valuable not only for specific 
radionuclides, but for trace elements and isotopes in general. Chapter 4 presents nanoSIMS 
capabilities for locating precious metals, rare earth elements, penalty elements (e.g., As, Sb, 
Pb), as well as radionuclides in copper concentrates. Despite its current inability to quantify 
observed concentrations, nanoSIMS provides spatial distribution information at a scale not 
achievable by most other instrumentation. The quantification shortcoming does not, however, 
apply to isotope ratios which are sound (e.g. Winterholler et al., 2007) as long as all measured 
isotopes are the same element (e.g., 13C/12C, 65Cu/63Cu, 207Pb/206Pb – but not 87Rb/86Sr). The 




examples presented illustrate the significant potential for nanoSIMS to complement other 
microanalytical methods in micron- to nanoscale investigations. 
Some elemental distributions – especially those of Sr, Ba, Ra and Pb – are radically altered 
during sulphuric acid leaching. To understand the possible mechanisms responsible, a series of 
experiments was established to observe the mobility of Sr, Ba, and Pb in various high-sulphate 
activity conditions – the results of which are presented in Chapter 5. Lab-grown mineral 
analogues were exposed to sulphate and/or chloride solutions under different pH conditions. 
NanoSIMS maps and LA-ICP-MS transects collected after exposure revealed dissolution and 
reprecipitation potentials for celestite (SrSO4), baryte (BaSO4), and anglesite (PbSO4). 
Correlations between mineral analogues and natural minerals became clear. Calculations of 
supersaturation factors and nucleation rates support the observed results.  
After mapping radionuclides in hundreds of sample grains by nanoSIMS, patterns began to 
emerge. It became clear that some minerals were consistent RN hosts, some were occasional 
RN hosts, and the remainder were not capable of incorporating RNs at all. Chapter 6 presents 
nanoSIMS isotope maps for those minerals determined to be major hosts of either some or all 
of the 238U decay chain. These minerals are either highly enriched in some or all RNs, or are 
only moderately enriched but comprise a significant proportion of the concentrate. Residual 
uranium minerals, U- and Th-bearing minerals, most sulphates and some phosphates all make 
the list. The insolubilities of certain members of the decay chain in sulphate form (Ra, Pb, Po) 
and phosphate form (Th) offer a likely explanation.  
In addition to the major hosts described in Chapter 6, a large number of minor hosts became 
apparent. Some mineral phases were either highly enriched but very sparse in the deposit (e.g., 
euxenite), or contained low accumulations of RNs but were significant components of the 
concentrate (e.g., hematite). These are presented in Chapter 7. The total RN load for any of 
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these individual examples would not amount to much, but cumulatively this entire group of 
minerals may significantly add to the overall RN budget. NanoSIMS maps also revealed 
distinct surface enrichment of 226Ra and 210Pb on virtually every mineral in the concentrate – 
except quartz. Sulphate-insoluble nanoparticles formed during the acid leach are likely 
adhering to charge-imbalanced surfaces, a phenomenon which was particularly evident on 
electronegative sulphides. Surface features are hereby classified as a “host” moving forward 
and will be added to RN budget calculations. 
Building on the excellent results from the Sr, Ba, and Pb diffusion experiments presented in 
Chapter 5, the experiments were modified and repeated using Ra solution. In Chapter 8, 
analogue mineral crystals were exposed to Ra solution under various conditions, followed by 
LA-ICP-MS analysis. Radium incorporation was observed in celestite, baryte, and anglesite, 
but uptake potentials for each changed with conditions. Three mechanisms (overgrowth, 
coupled dissolution-reprecipitation, and diffusion) were observed. Results not only 
complemented those seen in Chapter 5, but also paralleled observations made by nanoSIMS 
mapping of 226Ra and 210Pb in real mineral samples. A clearer understanding of the mechanisms 
at work, especially during the sulphuric acid leach, may provide the minerals processing group 
the means to engineer an efficient solution for 226Ra and 210Pb reduction in copper concentrates. 
Chapter 9 summarises application of several additional microanalytical techniques that were 
used in the course of the research but are not otherwise described in Chapters 2-7. 
Chapter 10 provides a summary of key findings and implications of this research. The 
chapter concludes with a critical evaluation of results and a discussion of the practical 
implications of the research as well as emphasising a number of outstanding research gaps and 
suggestions for future research.  




 Supplementary information (Appendix A for Chapter 2) and additional material 
(conference abstracts and co-authored papers) are given in Chapter 11. A full bibliography is 
provided in Chapter 12. 
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This chapter provides a summary of the samples analysed during the project, as well as a brief 
introduction to the primary analytical techniques employed. Sample selection, as well as 
mineral grain selection within each sample, is discussed and tabulated. Descriptions, standards, 
and running conditions are provided for each of the primary means of investigation for this 
project: optical microscopy, scanning electron microscopy (SEM), nanoscale secondary ion 
mass spectrometry (nanoSIMS), laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), solution ICP-MS, and alpha track radiography (alpha tracking). Additional 
information regarding supplementary analytical techniques, including focussed ion beam 
scanning electron microscopy (FIB-SEM), transmission electron microscopy (TEM), atom 
probe tomography (APT), and electron backscatter diffraction (EBSD), is provided in Chapter 
9. 
2.1 Sample suite 
2.1.1 Samples provided by BHP Olympic Dam 
Six primary sample types from the Olympic Dam mine and processing plant were investigated 
in the course of this project: core samples from selected diamond drill holes; flotation feed (ore 
feed); flotation concentrate; flotation tailings; acid-leached copper concentrate (hereafter 
concentrate leach discharge); and tailings leach discharge. These are listed in Table 2.1. 
Additional (non-BHP) samples listed in Table 2.1 are described in Section 2.1.3. All samples 
provided/made were 1-inch round epoxy resin blocks. 
Note: The cyclosized C1 (~27 µm) size fraction samples proved to be too difficult to work with 
(e.g., finding individual specific grains of interest repeatedly), so all subsequent analyses for 




all sample types were performed on the +53 µm size fraction, with each mount containing 
roughly 100,000 exposed grains. 
Table 2.1. Samples received/made/analysed during this project.  
Sample 
name 
#  Type Particle 
size 
Coll. date Recd. date Analyses 
0815_CLD 3 CLD +53 08/2015 11/2016 OM, SEM, NS, LA, EB 
0815_CLD 3 CLD +C1 08/2015 11/2016 OM, SEM 
0815_FC 3 FC +53 08/2015 11/2016 OM, SEM, NS, LA 
0815_FC 3 FC +C1 08/2015 11/2016 OM, SEM 
0815_FF 1 FF +75 08/2015 11/2016 OM, SEM 
0815_FF 1 FF +53 08/2015 11/2016 OM, SEM 
0815_FF 1 FF +C1 08/2015 11/2016 OM 
0815_FT 1 FT +75 08/2015 11/2016 OM, SEM 
0815_FT 1 FT +53 08/2015 11/2016 OM, SEM 
0815_FT 1 FT +C1 08/2015 11/2016 OM 
0815_TLD 1 TLD +75 08/2015 11/2016 OM, SEM 
0815_TLD 1 TLD +53 08/2015 11/2016 OM, SEM 
0815_TLD 1 TLD +C1 08/2015 11/2016 OM 
GR003 3 OF +75 08/2015 11/2016 OM, SEM 
GR003 3 OF +53 08/2015 11/2016 OM, SEM 
GR003 3 OF +C1 08/2015 11/2016 OM 
See appendix 16 DC N/A 11/2016 12/2016 OM, SEM, NS 
1216_CLD 3 CLD +53 12/2016 02/2017 OM, SEM, NS, LA 
1216_FC 3 FC +53 12/2016 02/2017 OM, SEM, NS, LA, EB 
1217_CLD 3 CLD +53 12/2017 01/2018 OM, SEM, NS, LA 
1217_FC 3 FC +53 12/2017 01/2018 OM, SEM, NS, LA 
MR_Sulph_1 1 Syn N/A 01/2018 01/2018 OM, SEM, NS 
MR_Sulph_2 2 Syn N/A 05/2018 05/2018 OM, SEM, NS, LA 
MR_Ra 2 Syn N/A 11/2018 11/2018 OM, SEM, LA 
MR_Po 2 Syn N/A 01/2018 01/2018 OM, SEM, NS 
TMS 1 NC N/A 08/2017 09/2017 OM, SEM, NS, LA 
Uran-std 1 NC N/A 08/2017 09/2017 OM, SEM, NS, LA 
Sample names in italics were provided by BHP Olympic Dam. Sample types: concentrate leach discharge 
(CLD); flotation concentrate (FC); flotation feed (FF); flotation tailings (FT); tailings leach discharge (TLD); 
ore feed (OF); drill core fragments (DC); synthetic minerals (Syn); and single, natural crystals (NC).  
“Size” refers to size fraction of concentrate (if applicable), mounted in 1” round epoxy resin blocks, polished. 
# refers to number of polished blocks prepared from each sample.  
Analytical methods: optical microscopy (OM); scanning electron microscopy (SEM); nanoSIMS (NS); laser 
ablation inductively coupled plasma mass spectrometry (LA); electron backscatter diffraction (EB). 
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2.1.1.1 Diamond Drill Core (DC) 
Drill core samples were collected from the core yard at BHP Olympic Dam in November 2016. 
After examination of several hundred metres of drill core representative of hematite breccia-
hosted copper mineralisation, sixteen samples were chosen based on their potential for 
interesting chemical compositions or structural features. Small sections, roughly 2x2 cm in 
size, were cut, mounted, and polished down to 0.25 μm in 1-inch epoxy rounds at Adelaide 
Petrographics. Figure 2.1 shows a reflected light optical petrographic microscope image of drill 
core sample MR05. Table 11.1 in Appendix A provides details of the drill core samples.  
 
Figure 2.1. Optical reflected light microscope image of drill core sample MR05 (depth of 569 
m, drill hole RD2316). Chalcopyrite is pale orange; pyrite is creamy white. All other minerals 
are various shades of grey. Full mineral identifications for this image are listed in Figure 2.6. 
2.1.1.2 Flotation Feed (FF) 
After ore is brought to the surface it is milled to a P80 of 75 µm and sent for froth flotation. At 
this point the FF still represents the original mineral composition of the ore body. Examination 
of FF provides insight into ore composition, mineralisation mechanisms, redox potential, and 
elemental distributions before any chemical or mechanical processes (other than grinding) can 
modify ore composition or mineralogy. Samples provided include 0815_FF and GR003 




(labelled “ore feed”), representing three different size fractions (Table 2.1). These samples 
were surveyed by optical microscopy and briefly examined by SEM, but focus soon shifted to 
FC and CLD samples due to their significantly higher proportion of economic minerals.  
Figure 2.2. Optical, reflected light microscope image of examples of the five ore concentrate 
types (+53 size fractions) provided by BHP Olympic Dam. Material mounted in epoxy resin and 
polished by Adelaide Petrographics. More detailed images of each concentrate type, with partial 
mineral labels and proportions, are provided in Chapter 11, Appendix A. Copper minerals and 
pyrite are coloured, all other minerals are various shades of grey. 
2.1.1.3 Flotation Concentrate (FC) 
The froth flotation process involves bubbling large quantities of air (as microbubbles) through 
a slurry of FF suspended in a solution of surfactants and other proprietary chemicals. Desired 
minerals statically adhere to the bubbles and float to the surface, while gangue minerals sink 
and may be separated. The formulation of the flotation fluid may be manipulated to favour or 
disfavour certain minerals, depending on the FF composition and the desired end-products. No 
significant chemical reactions occur, and the resulting FC contains the same minerals as in the 
FF, only in proportions which now greatly favour commodity minerals (Figure 2.2). Copper 
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has been upgraded from 2 wt.% to ca. 35 wt.%. FC samples provide invaluable information 
regarding the mobility of RNs during processing, as they represent the precursor (control) to 
acid-leached samples. Material was collected from the processing stream on three occasions: 
August 2015; December 2016; and December 2017. Samples were prepared in triplicate by 
Adelaide Petrographics and were labelled 0815_FC, 1216_FC, and 1217_FC (Table 2.1).  
2.1.1.4 Concentrate Leach Discharge (CLD) 
Since the primary objective of this project was to investigate radionuclides in final copper 
concentrates (smelter feed) from Olympic Dam, the majority of analyses were performed on 
CLD samples. These samples consist of FC samples which have been leached in <1.6 M 
sulphuric acid for 8-12 hours at 60 ºC. Exact conditions are dependent on FC composition. 
Most uranium minerals, carbonates, and fluorite have been removed, with rare earth minerals, 
phyllosilicates, and hematite significantly reduced. Copper has been further upgraded to ca. 40 
wt.%. Covellite and digenite (Cu1.8S) are created through metathesis reactions (Dunn et al., 
2017; Byrne et al., 2018). Sulphate minerals such as anglesite and jarosite – not found in the 
ore – are created during the leach. Samples were collected on the same dates as the FC samples 
and labelled 0815_CLD, 1216_CLD, and 1217_CLD (Table 2.1). 
2.1.1.5 Flotation Tailings (FT) 
After froth flotation, sulphides and other economic minerals (now labelled FC) are sent for 8-
12 hours of sulphuric acid leaching to recover residual U and Cu and then sent to the smelter. 
Gangue minerals such as quartz, hematite, feldspars, carbonates, fluorite, baryte and sericite 
have settled to the bottom of the tank as tailings. These FT still contain appreciable Cu and U 
and are therefore leached in a separate 6 to 10-hour sulphuric acid/sodium chlorate leach cycle.  
Minimal effort was spent on these samples initially, due to most of the minerals of interest 
having been removed. For calculations of overall mineral (and RN) budgets, however, these 




samples will eventually be characterised by MLA and alpha, beta, and/or gamma counting. 
Detailed mineralogical analysis may also highlight areas of possible improvement in the froth 
flotation procedure. 
2.1.1.6 Tailings Leach Discharge (TLD) 
Following sulphuric acid leaching of FT, the Cu- and U-rich solution is sent for solvent-
exchange recovery of Cu and U. The remaining solids are economically spent and are separated 
into: slimes which are thickened and released into tailings ponds; and sands (TLD) which are 
mixed with crushed dolomite, water, and a binding component and used as backfill for 
exhausted stopes.  
As with FT samples, minimal initial effort was spent on these samples, being completely 
devoid of minerals of interest for this project. Processing efficiencies may be investigated in 
the future, however, by surveying and assaying TLD solids. 
2.1.2 Grain selection 
Sample grain selection initially centred around a list of minerals that were predicted to be 
potential hosts for RNs, based on published precedents or principles of crystal structures and 
geochemistry. These included lead minerals, uranium and thorium minerals, baryte, rare earth 
element (REE) minerals, apatite-group minerals and iron oxides – namely mineral groups 
capable of, or proven to, host radionuclides (e.g., Doerner and Hoskins, 1925; Gramaccioli and 
Segalstad, 1978; Ciobanu et al., 2013). Additionally, silver and bismuth chalcogenides were 
included on the assumption that Po may mimic Bi, Se, or Te in its behaviour (Curie et al., 1898; 
Bagnall, 1973). 
Once nanoSIMS mapping commenced, it was realised that RN distributions are not always 
predictable and that fractures, pores and inter-grain margins in almost any mineral can host 
RNs. The objective then became the development of an extended database of all possible host 
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minerals, regardless of economic value or relative abundance. Mineral grain selection 
subsequently broadened to include as diverse a range of major, minor and trace minerals from 
Olympic Dam as possible (Table 2.2).  
Table 2.2. Olympic Dam minerals analysed by nanoSIMS  
Abbr Mineral name Abbr Mineral name Abbr Mineral name 
alt altaite cos cosalite Ni-cob Ni-cobaltite 
ang anglesite cov covellite petz petzite 
anh anhydrite cpy chalcopyrite qz quartz 
apa apatite Cu native copper rut rutile 
APS woodhouseite-
svanbergite grp 
dol dolomite sch scheelite 
bab babkinite ele electrum sel sellaite 
bar barite eux euxenite ser sericite 
bast bastnäsite flu fluorite sph sphalerite 
Bi native bismuth fnc florencite Sr-bar Sr-barite (to 1:1) 
bn bornite gal galena syn synchysite 
bran brannerite hess hessite tbi tellurobismuthite 
cal calcite hem hematite ten tenorite 
car carrollite jar jarosite tet tetradymite 
cat cattierite kaw kawazulite thd tetrahedrite 
cc chalcocite mel melonite thor thorite 
chal chalcanthite mly molybdenite uran uraninite 
chl chlorite Mn-dol Mn-dolomite vol volynskite 
cls clausthalite Mn-sid Mn-siderite wit wittichenite 
cob cobaltite mon monazite xen xenotime 
coff coffinite nev nevskite zir zircon 
2.1.3 Additional samples 
2.1.3.1 Synthetic analogues of minerals 
To better understand the mobility of radionuclides in certain minerals, mineral analogues were 
created to be used in diffusion experiments. Various sulphates (including Sr, Ba, and Pb) were 
grown by the silica gel method (Henisch 1996). The method involves dissolving the cation of 




choice (M2+) in a basic sodium metasilicate solution, adding acid, and letting the solution set 
into a semi-firm gel which takes a few days. A solution of sodium sulphate is then carefully 
poured on top of the gel, and diffusion of sulphate solution into the gel over 1-2 weeks results 
in small, euhedral MSO4 crystals up to 500 µm in maximum dimension. A comprehensive 
description of sulphate synthesis may be found in Chapter 5 (Experimental Methods section). 
These crystals were used for a variety of diffusion experiments involving solutions of Sr, Ba, 
Pb, and Ra under varying conditions. After diffusions, the crystals were mounted in epoxy 
resin, polished, and imaged by SEM (Samples labelled MR_Sulph_1, MR_Sulph_2, and 
MR_Ra; Table 2.1). Examples of these crystals may be seen in Chapter 8, Figure 8.1.  
Additionally, chalcogenides including Ag-, Pb-, and Bi-selenides, sulphides, and tellurides 
were created by fusion of the pure elements in evacuated sealed glass tubes. These crystals 
were reacted with a ~300 Bq/ml Po solution then mounted in epoxy resin, polished, and imaged 
by SEM (sample labelled MR_Po; Table 2.1). Unfortunately, the solution contained excess 
gold as a by-product of the Po extraction process and was not clean enough to give meaningful 
results, so the experiment was de-prioritised in favour of the Ra diffusions. Some sample grains 
were mapped on the nanoSIMS and showed promise as candidates for Po uptake (Figure 2.3). 
 
Figure 2.3. NanoSIMS composites of three chalcogenides which had been exposed to Po 
solution. Bi or Ag in green, Au in blue, 210Po in red/purple. Po appears to co-precipitate with Au, 
so a low-Au solution will be produced for future experiments. 
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2.1.3.2 Tate Museum samples 
Any attempts at nanoSIMS quantification requires known standards. Although the nanoSIMS 
facility in Perth had adequate elemental standards, very few mineral standards were available. 
With the assistance of Dr. Tony Milnes, samples of pure minerals were collected from the Tate 
Mineral Museum located in the Mawson Laboratories, The University of Adelaide. Small (1-2 
mm) chips of 103 mineral samples were collected and mounted in three 1-inch epoxy resin 
mounts, containing roughly 34 samples each. The mounts were polished and each mineral 
imaged by SEM to determine suitability as a standard. Some grains showed extensive 
heterogeneity and were discounted from further study; others appeared to be homogeneous 
with low trace elements and minimal structural features (Figure 2.4). 
 
Figure 2.4. BSE images of two South Australian hematite samples from the Tate Museum. Only 
clean, homogeneous minerals like the sample on the right were selected for the Tate mineral 
standard mount. 
Of the 103 original mineral samples, 32 were chosen for our Tate Mineral Standard (TMS). 
In a few instances, heterogeneous samples of important minerals were selected if homogeneous 
examples were not available. These 32 grains were mounted in a single epoxy mount, polished, 
and imaged by SEM in BSE mode. Ideally, this standard would be used to quantify major, 
minor, and possibly trace elements by nanoSIMS, at least for the 32 minerals represented. 




Initial results are discussed in Chapter 3. Information on the mineral samples included in TMS 
is provided in Table 11.2 in Chapter 11, Appendix A.  
2.1.3.3 Uranium decay chain standard 
Quantification of RN elements is complicated by the lack of standards for 234U, 230Th, 226Ra, 
and 210RN. Even for methods which provide accurate isotopic concentrations (to ppb levels) 
such as LA-ICP-MS, a lack of RN standards makes quantification difficult. There is an 
alternative method, however, which involves calculating the concentration of RNs based on 
secular equilibrium. If a radioactive sample is in secular equilibrium, and the parent isotope 
can be accurately measured, then all daughter isotope concentrations can be calculated (Prince, 
1979).  
Three uraninite samples and one thorianite sample were mounted in epoxy resin, polished, 
and imaged by SEM (Uran_std; Table 2.1). Replicate LA-ICP-MS analyses of these samples 
revealed that three were at or near secular equilibrium while the fourth, uraninite 3, was not. 
Concentration estimates based on calibrated 238U data were used for Ra concentration 
calculations, and are detailed in Chapter 8, Section 8.4. 
2.2 Instrumentation and analytical methodology 
2.2.1 Optical microscopy 
The first step before any experimentation or analytical investigation commenced was to fully 
survey, characterise, and image the samples of interest – allowing optimal selection of grains 
for further work, recognition of minerals present, and identification of inclusions, fractures, or 
grain-scale zoning that might impact on results. Initial sample surveys were conducted using 
optical microscopy, predominantly in reflected light mode using a Nikon Eclipse LV100 POL 
petrographic microscope, located at Adelaide Microscopy, The University of Adelaide. Images 
of some, but not all, samples were digitally captured for general mineralogical characterisation 
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and future position referencing to aid navigation on other analytical platforms. Optical 
microscopy is suitable for initial surveys but is limited in its ability to distinguish most minerals 
in reflected light. Detailed petrographic analysis is usually performed on thin sections so that 
cross-polarised transmitted light may be used (e.g., Pracejus, 2015). For polished epoxy resin 
blocks, however, reflected light is the only option. Examples may be seen in Figure 2.2. 
2.2.2 Scanning electron microscopy 
For accurate mineral identification down to the scale of a few microns, a more powerful 
microscope is needed. The SEM platform is a workhorse, providing fast, spatially resolved 
semi-quantitative information on mineral composition and detailed, high-resolution images of 
mineral grains when used in combination with a back-scatter electron (BSE) detector and 
energy-dispersive X-ray spectroscopy (EDS) (e.g., Ludwig, 1998). Finding individual grains 
of interest (among tens of thousands) would have been impossible without the BSE ability to 
highlight Pb-, Bi-, Ag-, REE-, and U-bearing minerals (higher atomic mass = brighter BSE 
signal) which comprised a majority of the initial target mineral list. Grain selection and location 
with X-Y coordinates, high-resolution imaging, spot elemental analyses and occasionally 
large-scale elemental mapping were performed before all subsequent analyses including 
nanoSIMS, FIB, TEM, EBSD, and APT. Imaging sample grains after analyses was also quite 
useful to observe the amount of damage incurred during procedures (Figure 2.5). 





Figure 2.5. BSE image of a pyrite/apatite grain after nanoSIMS mapping. NanoSIMS map area 
outlined in yellow. Surface alteration is evident in pyrite, but the (previously) zoned apatite 
appears unaffected.  
Adelaide Microscopy offers five SEM platforms, differing in terms of resolution and fitted 
spectrometers for ancillary purposes. The vast majority of characterisation and imaging for this 
project was performed on an FEI Quanta 450 field emission gun scanning electron microscope 
(FEG-SEM) with an EDAX EDS system (operative until December 2017), or a silicon drift 
detector (SDD) EDX system that was installed in early 2018. Figure 2.6 shows an example of 
a core sample from Olympic Dam, mapped with the new SDD EDX system. A few samples 
were analysed using a FEI Quanta 600 SEM, also equipped with an EDAX EDS system, or 
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using the FEI Helios Nanolab dual beam focused ion beam scanning electron microscope (FIB-
SEM) equipped with an EDAX system.  
 
Figure 2.6. Elemental (mineral) mapping capabilities of the FEI Quanta 450 FEG-SEM with 
SDD EDS system exemplified by a multi-mineral assemblage within Olympic Dam drill core. 
Region imaged is the same as in Figure 2.1. Colours represent Cu (green), Si (blue), Ca 
(magenta), Nd (yellow), Fe (red), Mn (purple), and Cl (cyan). Minerals present within the mapped 
area are chalcopyrite (Cpy), manganoan dolomite (Mn-Dol), quartz (Qz), apatite (Ap), pyrite 
(Py), hematite (Hm), synchysite (syn), and unknown phase (Cu3FeCl2(OH)6). 
2.2.3 Nanoscale secondary ion mass spectrometry 
Early in the project it was unclear which instrumentation, if any, would be able to provide the 
necessary combination of sub-micron resolution and lowest possible detection limits to identify 
the spatial distribution of RNs of interest within mounted grains. After seeing some examples 
of 13C-labeled bacterial clusters analysed on the CAMECA nanoSIMS 50 in Perth (Onetto 
Carvallo, 2018), it became evident that this could be a suitable analytical platform, even if 
nanoSIMS mapping of elemental Ra or Po, or of minor isotopes such as 234U, 230Th, or 210Pb 
had never, to our knowledge, been previously attempted. Beginning in February of 2017, the 
nanoSIMS 50L (produced by CAMECA in Gennevilliers, France, and located at the Centre for 
Microscopy, Characterisation, and Analysis (CMCA) at the University of Western Australia in 




Perth) became the primary analytical tool for this Ph.D. project and provided pivotal results of 
major significance for the overarching ARC Research Hub for Australian Copper-Uranium. 
During 12 weeks of mapping over five separate trips to Perth, over 4000 nanoSIMS isotope 
maps were collected on the various sample types listed above.  
The general theory behind SIMS involves bombarding a sample with an ion beam and then 
sending the secondary ions ejected from the sample into a mass spectrometer. The advantage 
of nanoSIMS over other SIMS platforms lies in the design, which sends the ion beam (usually 
either O- or Cs+) along the same path as the returning secondary ions. This geometry affords 
extremely short working distances (400 µm) which in turn results in high efficiency in terms 
of secondary ions reaching the detectors (Stadermann et al., 1999). Conventional systems use 
either an angled beam source or an angled detector, which results in longer working distances 
(4-20 mm) and lower efficiencies (Kilburn and Wacey, 2014). The nanoSIMS provides 
excellent spatial resolution (ideally down to 50 nm) and excellent detection capabilities (to low 
ppb) albeit without accurate quantification, at least for minerals. A schematic of the CAMECA 
nanoSIMS 50L is presented in Figure 2.7, reproduced from Hauri et al. (2016).  
Unique complications were encountered while attempting to analyse ultra-low 
concentration isotopes at significantly higher-than-normal currents, without proper standards, 
in complex mineral matrices (Rollog et al., 2019; Chapter 3). Issues such as detector tuning, 
isobaric mass interferences, and sample damage are addressed. Examples of nanoSIMS isotope 
maps of different mineral grains may be seen throughout Chapters 3 through 7.  
2.2.4 Laser ablation inductively coupled plasma mass spectrometry 
LA-ICP-MS is a valuable technique to accurately determine low (typically ppm) levels of 
multiple minor and trace elements and isotope ratios in mineral matrices at resolution down to 
~10 microns (e.g., Arrowsmith, 1987; Walder et al., 1993; Russo et al., 2002). The technique 
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Figure 2.7. “Schematic diagram of the ion optical elements of the DTM Cameca NanoSIMS 50L, 
modified from the NanoSIMS 50 drawing by Frank Stadermann. The primary ion column is 
oriented in the vertical plane, while the mass spectrometer is oriented in the horizontal plane. 
Light-blue elements are circular lenses, red elements are multi-pole lenses, dark-green elements 
are slit lenses, grey elements are deflectors, light-green elements are used for synchronized 
rastering of the primary and secondary ions (dynamic transfer). Dark blue elements are user-
positioned circular apertures for the primary beam (D0, D1) and slits for the mass spectrometer 
(ES, AS, EnS, ExS). The co-axial lens stack near the sample (EOW, EOP, EOS, L4) acts on both 
the primary and secondary ion beams and requires the primary and secondary ions be of opposite 
polarity and equal energy.” Image and caption from Hauri et al. (2016). 
is a three-step process: pulsing an ultra-fine laser onto a solid sample to create fine particles; 
ionising the liberated particles in a plasma torch; and accelerating the ions into a mass 
spectrometer for analysis. Adjustable laser beam widths and depths, pulse rates, and energies 




provide flexibility for variable sample types and research objectives. The method has played 
an integral part of this Ph.D. project, providing a link between micron-scale observation of 
textures and assemblages and nanoscale information on element and isotope distributions. 
Adelaide Microscopy is equipped with an ASI RESOlution-LR ArF excimer laser ablation 
system with a large format S155 sample chamber (Laurin Technic Inc.), coupled to an Agilent 
7900x ICP-MS. Single-spot analyses (51, 74 or 110 µm spot size) were run on synthetic 
minerals, all of the Tate Museum Standard minerals, and the uranium decay chain standard 
minerals, with isotopic concentrations calculated from single spot measurements (74 µm) of 
standards NIST-610 and NIST-612. Elemental concentrations (except Pb and Ra) were 
calculated from measured isotope concentrations using global isotopic ratios reported in 
Haynes (2014). Additionally, laser transects using a small (6 µm-diameter) beam width were 
performed across synthetic grains from diffusion experiments. Details including instrument 
settings, concentration calculations, and transect data are presented in Chapters 5 and 8. 
2.2.5 Solution ICP-MS 
Solution ICP-MS combines the flexibility and accuracy of ICP-MS with ultra-low detection 
limits (theoretically to ppq). Similar to the ICP-MS measurements above, the only difference 
is the sample introduction method which involves aspirating a dilute acid solution containing 
the sample into the plasma torch. Although only briefly mentioned in one chapter (Chapter 8, 
Figure 8.2), solution ICP-MS has played an integral role in monitoring progress and results of 
the diffusion experiments. Sample solutions collected during various stages of experimentation 
were analysed on an Agilent 8900x triple-quad (QQQ-ICP-MS) system (Adelaide 
Microscopy); concentrations were calculated using various dilutions of calibrated in-house 
standard solutions containing most of the periodic table.  
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2.2.6 Alpha track radiography 
It could be argued that the first experiment ever performed regarding RNs was 
autoradiography, resulting in the discovery of radioactivity (Becquerel, 1896). Briefly, alpha 
radiation reacts with silver (and other metals) suspended in photographic emulsions which 
results in their reduction to the metal upon development (Herschel, 1843). Although traditional 
photographic paper still works well, modern techniques involve specially formulated alpha-
track gel which may be applied directly on a sample (Kalnins et al., 2019), or a plastic polymer 
(CR-39) which reacts specifically to alpha radiation (Fews and Henshaw, 1982).  
Samples of all types were frequently subjected to alpha-tracking gel or CR-39 plastic in 
order to determine whether RNs were present. Alpha tracking gel consists of activated silver 
compound nanoparticles in a thin gel matrix which may be “painted” on a sample and left to 
react. As alpha particles pass into the gel, they leave a trail of reduced silver nanoparticles. 
After developing the sample (a process similar to photographic development; Kalnins et al., 
2019), the silver particle trails become visible to optical or scanning electron microscopy 
(Figure 2.8c). In similar fashion, CR-39 plastic is a polymer with a narrow range of bond 
strengths which are broken by passing alpha particles. The 0.5 mm-thick plastic is left in 
contact with the sample for a measured period of time and then etched, usually using the “666” 
system – 6 M NaOH at 60 °C for 6 hours. The NaOH preferentially dissolves the polymer 
where bonds were broken, leaving small, oblong voids representing individual alpha decay 
events (Figure 2.8d). Shorter etch times resulted in smaller etch pores, which facilitated 
counting in higher alpha-density samples (Figure 2.8b).  
If the density of tracks in the gel or pores in the CR-39 plastic allows, then a rough 
calculation of total activity – and therefore concentration – can be made. For natural samples, 
assumptions must be made as to the RNs present, as all alpha tracks look roughly the same 




with these methods. However, the sample grain in Figure 2.8 was exposed only to Po, so an 
estimate of 200 ppt Po (whole grain) could be calculated quite easily. 
 
Figure 2.8. Alpha-track images of a synthetic grain of clausthalite (PbSe) which had been 
exposed to Po solution. BSE image (a); CR-39 plastic, 168-hour exposure time, 3-hour etch (b); 
alpha-track gel (c, courtesy of Chris Kalnins); and CR-39 plastic, 45-minute exposure time, 6-
hour etch (d). The overlay in frame (c) employed top-lighting, the rest of the frame is back-lit. 
Polonium concentration is estimated to be 200 parts-per-trillion (whole grain) and up to 20 ppb 
(rim). 
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Some iron oxide-copper-gold (IOCG) deposits contain variable amounts of uranium. 116 
Developing mineral deportment models for the radiogenic isotopes resulting from decay of 117 
238U presents a singular technical challenge, as concentrations of 226Ra, 210Pb, and 210Po fall far 118 
below the detection limits achievable for most in situ analytical methodologies. The nanoscale 119 
secondary ion mass spectrometry (nanoSIMS) platform combines low detection limits with 120 
sub-micron resolution, revealing previously unseen spatial distribution patterns of 121 
radionuclides (RNs) in (and on) particles of copper sulphide concentrates. Many potential host 122 
minerals for these radionuclides can be readily predicted based on chemical behaviour, periodic 123 
table trends, and published studies documenting likely host minerals. Using nanoSIMS data for 124 
ores and metallurgical products from the Olympic Dam IOCG deposit and associated 125 
processing facilities, we present compelling evidence for the ability of certain minerals within 126 
the copper concentrates to host daughter radionuclides derived from uranium decay. Many of 127 
these minerals had not traditionally been considered or previously documented as such. These 128 
include high-abundance minerals hosting low concentrations of radionuclides, and several 129 
relatively low abundance minerals exhibiting remarkable radionuclide enrichment. Rutile, 130 
fluorapatite, fluorite, hematite, zircon, covellite, and molybdenite are all proven to be minor 131 
hosts of at least some members of the 238U decay chain, and are, collectively, important for 132 
establishing the overall RN budget. Surface effects are found to play a significant role, with 133 
elevated levels of 226Ra and 210Pb found on most available surfaces, irrespective of mineral, in 134 
acid-leached concentrate. Some radionuclides, particularly 226Ra and 210Pb liberated from 135 
uranium minerals during sulphuric acid leaching, can become extensively redistributed 136 
throughout the concentrate, creating newly-formed RN hosts. This new mineralogical 137 
deportment information can be used in developing new flowsheets to enhance radionuclide 138 
removal without a corresponding loss of Cu. NanoSIMS has proven invaluable for elucidating 139 
 138 
the mineral-scale deportment of ultra-trace radionuclides throughout the processing circuit at 140 
Olympic Dam. 141 
Keywords: radium, lead, polonium, surface charge, nanoparticles, nanoSIMS. 142 
1. Introduction 143 
Olympic Dam is by far the largest of many iron oxide-copper-gold deposits in the Olympic 144 
Cu-Au province, South Australia. Copper, U, Au, and Ag are recovered at Olympic Dam, with 145 
nearly 40 additional elements exhibiting enrichment – albeit below economic viability (Ehrig 146 
et al., 2012). Grinding/flotation, concentrate and flotation tailings leach, Cu-U solvent 147 
extraction, smelting, electrorefining/electrowinning and precious metals refining circuits 148 
operate as a fully integrated circuit at Olympic Dam. Process engineers must not only upgrade 149 
desired elements, but also minimise deleterious components which may interfere with 150 
downstream processing (e.g. smelting or refining) or impact on final product (Cu-cathode, 151 
uranium oxide concentrate, Au-Ag bullion) quality. 152 
Radionuclides (RNs) from the decay of 235U, 232Th, and most importantly 238U are present 153 
in mineralisation at OD and report to the processing plant. Deportment of 226Ra, 210Pb, and 154 
210Po within the deposit is not well understood at the mineral scale – this is further complicated 155 
during processing by a redistribution of RNs, inducing secular disequilibrium during sulphuric 156 
acid leaching. Monitoring RN activities in bulk samples (i.e.  not on mineral separates) from 157 
various process streams over the past 30 years of operation at Olympic Dam is required for RN 158 
control and eventual removal. However, efforts to further reduce RN concentrations prior to 159 
smelting and refining are limited without a detailed understanding of specific mineral and non-160 
mineral RN hosts. The ability of some minerals to incorporate and retain RNs (e.g., uraninite) 161 
has been established (e.g. Grandstaff, 1976; Bowles, 1990); other minerals have the ability to 162 
remove specific RNs from solution - e.g., uptake of Ra by baryte (Curti et al., 2010; 163 
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Klinkenberg et al., 2014; Vinograd et al., 2018). However, several other minerals with 164 
relatively low concentrations may also host RNs (e.g. zircon, apatite, rare earth element 165 
minerals).  166 
When considering the overall RN budget, mineral hosts fall into one of four categories: High 167 
RN, high % (where % represents the proportion of a given mineral in the ore or concentrate); 168 
high RN, low %; low RN, high %; and low RN, low %. The U-minerals uraninite, coffinite and 169 
brannerite fall within the first category and are largely reduced during concentrate and flotation 170 
tailings leach (Rollog et al., 2019a, 2019b). The last category has minimal impact on the RN 171 
budget and is therefore of limited practical relevance to process engineers. However, high 172 
abundance/low RN concentration and low abundance/high RN concentration minerals require 173 
extra consideration as the total RN contribution of these minerals is unknown – and may, 174 
collectively, be significant. Within the scope of this research, “minor” hosts are defined as 175 
minerals which contain (within the crystal structure or attached to the mineral surface) either: 176 
ultra-trace amounts of radionuclides but have ~>0.1% abundance in the concentrates; or which 177 
have measurable RN concentrations but are rare. 178 
Sample analyses from various stages of the processing circuit provide different, yet 179 
complementary observations into the changing deportment and upgrading of RNs during froth 180 
flotation and concentrate acid leaching at Olympic Dam (simplified processing flowsheet 181 
presented in Schmandt et al., 2019). Flotation concentrate (FC) and concentrate leach discharge 182 
(CLD) samples each provide unique insight into RN distributions within unleached copper 183 
concentrates and H2SO4-leached concentrates, respectively. Acid leaching is an aggressive 184 
process and alters the chemistry of some minerals (Bhargava et al., 2015), including those at 185 
Olympic Dam (Ragozzini and Sparrow, 1987; Lane et al., 2016). Thus, RNs may be liberated 186 
from their original hosts in the ore and redistributed in response to rapidly changing 187 
thermodynamic and kinetic conditions.  188 
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Olympic Dam ore consists of >100 different mineral types which are typically intergrown 189 
at the nanometre scale. Hence it is very time consuming and impractical to produce pure 190 
mineral separates  from Olympic Dam ore. Routinely utilised in situ microanalytical techniques 191 
such as laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) provide 192 
neither the spatial resolution nor the sensitivity needed to distinguish RN hosts from non-RN 193 
hosts at the micron or sub-micron scale. The sensitivity of LA-ICP-MS (parts-per-million to 194 
parts-per-billion for some elements) is inadequate for some RN detection. LA-ICP-MS can 195 
provide quantification of lower ultra-trace concentrations but only at the expense of spatial 196 
resolution, usually requiring spot diameters and ablation depth of >50 μm, or even >100 μm. 197 
The CAMECA nanoSIMS platform provides an excellent compromise well-suited to 198 
determination of RN distributions in ores and concentrates, as it combines ultra-low (albeit 199 
non-quantifiable) detection with sub-micron rastering resolution. 200 
In this study, we present compelling evidence of the ability of a number of minerals to host 201 
RNs derived from uranium decay. Some of these can be predicted to contain daughter RNs on 202 
the basis of structurally-bound trace levels of U and robust, refractory structures. Others 203 
documented here are neither traditional, previously documented, or even predicted hosts (Cook 204 
et al., 2018). The article concludes with a discussion of the potential pathways for structural or 205 
surficial RN enrichment. 206 
2. Methods 207 
All samples were processed and analysed as described in Rollog et al. (2019a). In brief, 53 208 
μm size fractions of FC and CLD were collected at Olympic Dam in August 2015, December 209 
2016, and December 2017. Samples of each were mounted in 1” epoxy resin rounds (in 210 
triplicate), polished, and carbon coated. Grains of interest were identified, characterised, and 211 
imaged through an extensive survey using back scatter electron (BSE) detection on a FEI 212 
Quanta450 field emission gun scanning electron microscope (FEG-SEM) equipped with an 213 
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EDAX electron dispersive spectroscopy (EDS) detector at Adelaide Microscopy, The 214 
University of Adelaide. 215 
Selected grains were subsequently mapped on the CAMECA NanoSIMS 50L at the Centre 216 
for Microscopy, Characterisation, and Analysis (CMCA), The University of Western Australia, 217 
Perth. A Hyperion (H200) RF plasma O2 source was used for all analyses. Samples were 218 
mapped twice each in multicollection mode with detectors typically set to 46Ti, 54Fe, 65Cu, 87Sr, 219 
137Ba, 206Pb, and 238U for the first analysis (50x50 μm raster area, 50 pA ion current, D1=2, 220 
ES=2, AS=0, 512x512 pixels (px), 3 planes, 5 ms/px, effective beam diameter ≈400 nm) and 221 
54Fe, 143Nd, 169Tm, 210RN (predominantly 210Pb plus minor 210Po and 210Bi), 226Ra, 230Th, and 222 
234U for the second analysis (50x50 μm raster area, 250 pA ion current, D1=2, ES=2, AS=0, 223 
512x512 px, 5 or 6 planes, 5 ms/px, effective beam diameter ≈700 nm). Alternative isotopes 224 
occasionally chosen (based on sample mineralogy and tuning efficiency) included 42Ca, 47Ti, 225 
57Fe, 86,88Sr, 138Ba, 142,144Nd, 204Pb, 230Th16O, 234U16O, and 238U16O. Actual masses analysed are 226 
noted on the maps presented. NanoSIMS images were processed through ImageJ software 227 
(Schindelin et al., 2012, 2015) utilising the OpenMIMS plugin (Poczatek et al., 2009). Dead-228 
time corrections were applied, and planes were aligned, summed, and adjusted for 229 
brightness/contrast. Colorisation (linear in scale to the original black and white intensities) aids 230 
in isotopic distinction and visualisation. 231 
Note: The ratio of 210Pb:210Po:210Bi (assuming secular equilibrium) is ~1625:28:1, and it is 232 
likely that 210Pb is favoured even further in nanoSIMS analyses where the O2 source is used. 233 
Po is predicted to behave like Se and Te, which are more sensitive when analysed with a Cs 234 
primary ion beam; Pb is more sensitive when measured with a O2 primary ion beam. In this 235 
study, 210RN is thus assumed to almost exclusively represent 210Pb. 236 
3. Results 237 
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Over 3,200 nanoSIMS isotopic distribution maps collected for this study have provided a 238 
wealth of information regarding RN deportment in Olympic Dam copper concentrates. Within 239 
the ‘minor-host’ category, minerals may be further classified as either “incorporating hosts”, 240 
in which RNs are found either within the crystal structure of the host or as unbound 241 
nanoinclusions, or “surficial hosts”, where RNs have adhered to electrically-charged surfaces 242 
or are mechanically sequestered in pores, fractures, or cleavage planes. Where appropriate, 243 
both FC and CLD examples are presented. In some instances, it is demonstrable that H2SO4 244 
leaching mobilises and redistributes certain cations, creating new RN hosts where none 245 
previously existed. 246 
3.1. Incorporating hosts 247 
The term “incorporating” in this study refers to minerals in which RNs are either structurally 248 
bound or present as nanoinclusions. Minerals presented from this category include several 249 
phosphates and sulphates, as well as hematite, rutile, zircon, and fluorite. This list is by no 250 
means exhaustive; the nanoSIMS data suggest “minor host” status may also be applied to 251 
bastnäsite, florencite, parisite, and several sulphides, sulpharsenides and antimonides, 252 
tellurides and selenides. 253 
Euxenite [(Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6] is a member of the euxenite-polycrase series and 254 
is associated with U-thorianite, sericite, and chalcocite at Olympic Dam (Figure 1). NanoSIMS 255 
maps show that euxenite can host the entire decay chain, although the 206Pb concentration is 256 
quite low (present, but below the contrast limit of the nanoSIMS image) compared to that in 257 
associated chalcocite. Within the U-thorianite, the Th:U ranges from 5:1 to 2:1. This variation 258 
can be seen in the 238U map (Figure 1), with high-Th zones darker than mid-Th zones. The 259 
darkest regions of the 238U map represent euxenite, which also contains some Th. Thorium-260 
230, 226Ra, and 210Pb are observed to reside relatively equally in both euxenite and U-thorianite, 261 
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but the 206Pb distribution is distinct from the rest of the decay chain and resides predominantly 262 
within the associated chalcocite. 263 
 264 
Figure 1. BSE images with nanoSIMS isotopic overlays for grain 10FC65. The particle 265 
consists of a small fragment of U-thorianite (U-Thor) with euxenite (Eux), sericite (Ser) and 266 
chalcocite (Cc). Maps of 238U, 230Th, 226Ra, 210Pb, and 206Pb are presented. Both  U-thorianite 267 
and euxenite host all radionuclides in the 238U decay chain, with a slight preference for 268 
euxenite from 230Th down. 269 
Fluorapatite is a minor hydrothermal mineral at Olympic Dam, present at a little over 0.1 270 
wt.% of the deposit (Ehrig et al., 2012); after flotation, 0.04 % remains in the concentrate. 271 
Apatite is a known host for rare earth elements (REE) and Th at Olympic Dam (Krneta et al., 272 
2017; Rollog et al., 2019c),  and may also host other radionuclides (Figure 2). Uranium-234, 273 
230Th, 226Ra, and 210Pb are all abundant within the oscillatory-zoned apatite and are enriched 274 
within the grain cores. Lead-206, however, resides exclusively in grain boundaries surrounding 275 
the apatite grains.  276 
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 277 
Figure 2. BSE image with nanoSIMS overlays for grain 10FC41, oscillatory-zoned 278 
fluorapatite (Ap) crystals in pyrite (Py). Maps of 234U, 230Th, 226Ra, 210Pb, and 206Pb are 279 
presented. All radionuclides of the 238U decay chain are present throughout the apatites and 280 
are enriched in the grain cores.  281 
Rutile is typically associated with (and may alter into or be replaced by) brannerite at 282 
Olympic Dam (Macmillan et al., 2017), and accounts for 0.2 wt.% of the deposit (Ehrig et al., 283 
2012). It maintains 0.2 wt.% in FC and CLD. Although the intensity of RN signals in the 284 
accompanying coffinite tends to drown out weaker signals elsewhere in the maps (Figure 3), 285 
adjusting the contrast reveals that rutile contains low, uniform amounts of every member of the 286 
238U decay chain. Two small included grains of monazite are enriched in all members of the 287 
chain from 230Th down. Uranium is predominantly hosted within brannerite which shares grain 288 
boundaries with rutile but is also found at lower concentration throughout the rutile itself. 289 




Figure 3. BSE and nanoSIMS isotope distribution maps for sample 05CLD25 – rutile (Rut) 291 
in quartz (Qz) and sericite (Ser) with minor brannerite (Bran) replacement, coffinite (Cof), 292 
and small monazite (Mnz). Maps of 238U, 230Th, 226Ra, 210Pb, and 206Pb are presented. 293 
Fluorite is a significant accessory mineral and comprises 1.2% of the deposit (Ehrig et al., 294 
2012). The primary function of concentrate leach using H2SO4 leaching is to remove F
-; 295 
however, fully entrained grains of fluorine-bearing minerals (primarily fluorite but also 296 
fluorapatite and REE-fluorocarbonates) may survive (Figure 4). Shielded within a complex 297 
bornite/chalcocite symplectite (micron-scale intergrowth of two mineral phases), the fluorite is 298 
barren with respect to most of the 238U decay chain but there is a low, uniform background 299 
210Pb signal throughout the grain, and a slightly elevated signal surrounding the grain. The 300 
fluorite-symplectite grain boundary is also visible in the 226Ra map, as are hot spots on the 301 
grain’s outer surface. A few tiny inclusions of uraninite can be seen in the symplectite in the 302 
BSE image and the 238U nanoSIMS map. Although signal intensities suggest very low RN 303 
concentrations, and almost all fluorite is removed from the process circuit during acid leaching, 304 
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the remaining fluorite may contribute measurably to the overall RN budget in final 305 
concentrates. 306 
 307 
Figure 4. BSE image and nanoSIMS isotopic distribution maps for grain 05CLD86 – fluorite 308 
(Flu) in a fine symplectite of chalcocite (Cc) and bornite (Bn). Maps of 238U, 230Th, 226Ra, 309 
210Pb, and 206Pb are presented. Only 210Pb is slightly elevated within the fluorite, although 310 
signals for 226Ra and 230Th are suggestive of very low enrichment. 311 
Radionuclides in zircon have been studied and utilised for dating methods since the 1950s 312 
(e.g. Hurley and Fairbairn, 1953), and have been used to date rocks hosting the Olympic Dam 313 
deposit (Cherry et al., 2018). Although comprising only ~0.05 wt.% in the deposit (Ehrig et al., 314 
2012), more than half of the zircon remains in the concentrate after flotation and acid leaching. 315 
Typically found with other end members of the zircon-thorite-coffinite-xenotime system 316 
(Förster, 2006), two small RN-bearing zircons can be seen associated with uraniferous thorite 317 
in Figure 5. All members of the 238U decay chain appear to be present in the thorite and, to a 318 
lesser extent, the zircons.  319 




Figure 5. BSE image and nanoSIMS isotope distribution maps for grain 10FC71 – zircon 321 
(Zir, outlined in red) in uraniferous thorite (Thor) with intergrown celestite (Cel) and hematite 322 
(Hm). Maps of 238U, 230Th, 226Ra, 210Pb, and 206Pb are presented. Radionuclide concentrations 323 
in thorite dominate, but two small zircons also host the entire 238U decay chain.  324 
Hematite acts as both a structural host and a surficial host for RNs and is the fourth most 325 
significant uranium-bearing mineral at Olympic Dam after brannerite, coffinite, and uraninite 326 
(Ehrig et al., 2012). Hematite comprises at least 30 wt.% of the deposit and makes up as much 327 
as 80% of some ores, therefore even low U concentrations can contribute a substantial part to 328 
the U budget. Uranium can occur in oscillatory-zoned Olympic Dam hematite in up to wt.% 329 
concentrations and the presence of U and 206Pb been well characterised by LA-ICP-MS 330 
mapping (Ciobanu et al., 2013a; Verdugo-Ihl et al., 2017), also allowing for development of 331 
U-Pb hematite geochronology (Courtney-Davies et al., 2019). Although the isotope chemistry 332 
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of hematite has been discussed extensively elsewhere (above references), the present 333 
contribution would be incomplete without a brief discussion of this critically important mineral 334 
component. Figure 6 shows two examples of hematite: the first (a) is a euhedral hematite in a 335 
Cu-(Fe)-sulphide matrix in flotation concentrate; the second (b) is an acid-leached grain 336 
comprised of bladed hematite with chalcocite containing inclusions of uraninite and monazite. 337 
The unzoned, trigonal hematite in (a) appears to be devoid of RNs, which shows that although 338 
hematite may contain up to wt.% U - it may also contain very little (Verdugo-Ihl et al., 2017). 339 
Lead-206 and 238U are found only at grain boundaries, and 210Pb, 226Ra, and 230Th are absent. 340 
The bladed hematite in (b) shows high, but irregular, concentrations of 226Ra, 210Pb, and 206Pb, 341 
with no RNs in the accompanying chalcocite (although minor 238U and 230Th spots correlate to 342 
sub-micron uraninite and monazite inclusions). 343 
3.2. Surficial hosts 344 
Grain surfaces (especially of sulphides) exhibit elevated amounts of sulphate-insoluble RNs 345 
(Ra, 210Pb, and likely 210Po) and 206Pb. Sulphides which exhibit basal cleavage (e.g., 346 
molybdenite and covellite) are found to be high in RNs, likely due to the large exposed 347 
(charged) surface areas. Microfractures and grain boundaries may also accumulate RNs, either 348 
as thin, uniform ribbons or as discrete loci. Although these RN concentrations are generally 349 
quite low, consideration of the total surface area of finely ground (~regrind size of P80 = 35 350 
microns) copper concentrates emphasises their significant potential as a hitherto unrecognised 351 
RN reservoir. 352 




Figure 6. BSE images, nanoSIMS color composites, and nanoSIMS isotopic distribution 354 
maps for grains 02FC44 (a) and 05CLD29 (b). Maps of 254UO, 226Ra, 210Pb, and 206Pb are 355 
presented. The flotation concentrate example (a) is a large, euhedral hematite (Hm) in a 356 
diffusely graded matrix of chalcopyrite→bornite→chalcocite. The acid-leached example (b) 357 
consists of bladed hematite with a high surface area together with chalcocite, and with sub-358 
micron inclusions of Pb-rich uraninite and monazite. The hematite has appreciable irregular 359 
accumulations of 226Ra, 210Pb, and 206Pb. 360 
Molybdenite is a minor mineral at Olympic Dam; on average Mo comprises <60 ppm of the 361 
orebody but may approach 1,000 ppm in some mineralised zones (Ehrig et al., 2012). A 362 
significant part of the total Mo may be found within hematite. Due to being insoluble in acid, 363 
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slight upgrading of Mo during processing is observed and final concentrates may average 364 
around 300 ppm. Molybdenite is the only recorded mineral at OD containing essential Mo; it 365 
is almost always intimately associated with brannerite and gives a similar signal response 366 
(greyscale) in BSE images. However, due to it being a mass-dependant analysis, nanoSIMS 367 
can easily distinguish the two. Targeted for study due to its high surface area potential, 368 
molybdenite exhibits planar, micaceous cleavage and is quite friable. Figure 7 shows a complex 369 
aggregate of fine-grained molybdenite intergrown with monazite, rutile, brannerite, quartz, and 370 
sericite. 371 
 372 
Figure 7. BSE images with nanoSIMS isotopic distribution overlays for grain 10CLD24, 373 
complex molybdenite (Mly) intergrown with brannerite (Bran), rutile (Rut), monazite (Mnz), 374 
sericite (Ser), quartz (Qz), and sub-micron baryte. Maps of 238U, 230Th, 226Ra, 210Pb, 206Pb, 375 
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142Nd, 138Ba, and 47Ti are presented. Uranium-238 appears primarily in brannerite (where 238U 376 
and 47Ti overlap). Thorium-230 resides exclusively in the monazite, coincident with REE 377 
(142Nd). Radium-226, 210Pb, and 206Pb accumulate in significant amounts in molybdenite. 378 
The molybdenite in Figure 7 contains significant amounts of 226Ra and 210Pb, with trace 379 
levels of 206Pb also noted. The quantity of lighter RNs found in molybdenite qualifies it as a 380 
borderline major RN host, despite its scarcity in the orebody. Associated brannerite (generally 381 
where 238U and 47Ti overlap) contains only 238U and very minor 206Pb, but negligible evidence 382 
of RNs in-between – in agreement with other nanoSIMS analysis of brannerite (Rollog et al., 383 
2019b). Thorium-230 resides exclusively in monazite, correlating with 142Nd. Barium-138 384 
appears only as tiny spots on or near molybdenite grain boundaries, apparently independent of 385 
226Ra or 210Pb. 386 
Covellite is another high surface area sulphide due to its planar cleavage. Although a 387 
relatively scarce hypogene mineral at Olympic Dam, covellite is a major mineral in leached 388 
concentrates. It is produced by removal of Cu from chalcocite and removal of Fe from bornite 389 
during H2SO4 leaching. Figure 8 shows two examples of covellite, one from flotation 390 
concentrate (a) and the other acid-leached material (b). The bornite in Figure 8a, partially 391 
replaced by covellite, also contains sub-micron blebs of galena, visible on the 206Pb distribution 392 
map. The sample in Figure 8b consists of hematite, covellite replacing bornite, sericite, and 393 
minor wittichenite (Cu3BiS3). Although industrially-induced metathesis is at least partially 394 
responsible for the replacement of bornite by covellite in the CLD grain, it cannot fully explain 395 
the replacement observed in the FC sample. Limited amounts of covellite are observed in ores 396 
and are best interpreted as hypogene rather than secondary, possibly induced by late fluid 397 
circulation. The result of this different origin presents itself in the 210Pb and 226Ra distribution 398 
maps. Deposit-formed covellite contains no RNs but is elevated in 206Pb (which may be of any 399 
age). In comparison, covellite which either formed during, or was merely exposed to, H2SO4 400 
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leaching contains considerable 206Pb, 210Pb and 226Ra. Neither grain contains appreciable 230Th 401 
or 238U. 402 
In addition to micaceous cleavage, high surface areas may be achieved through interlinked 403 
porosity or fracturing. There are many reasons minerals may become porous or fractured, both 404 
by geological processes and during metallurgical processing. Selective leaching, coupled 405 
dissolution/reprecipitation (CDR, a phenomenon widely reported from Olympic Dam ores), 406 
radiation damage, stress release, shearing, or mechanical grinding during processing may all 407 
contribute to crystal damage. Figure 9 shows a representative area of drill core (unprocessed 408 
ore) consisting of an assemblage of fluorite, quartz, galena, hematite, and chalcopyrite enclosed 409 
within massive sphalerite. Both the chalcopyrite and sphalerite exhibit variable degrees of 410 
porosity, especially for the former. The 138Ba (and to a lesser extent, 87Sr) map shows erratic 411 
spots of enrichment throughout the porous area, but none in the non-porous region. Maps of 412 
226Ra and 210Pb show the same in chalcopyrite, but signals drop off abruptly at the chalcopyrite-413 
sphalerite boundary with no signals present in sphalerite. Lead-206 is naturally found in galena 414 
but can also be observed as thin veneers along chalcopyrite-sphalerite grain boundaries. 415 




Figure 8. BSE images, nanoSIMS color composites, and nanoSIMs isotopic distribution maps 417 
for grains 10FC60 (a) and 05CLD28 (b). The former is covellite (Cv) replacing bornite, the 418 
latter is the same with associated hematite and a few small grains of wittichenite (Wit). Maps 419 
of 226Ra, 210Pb, and 206Pb are presented. Covellite which formed naturally in the deposit (a) is 420 
barren of RNs, but post-acid leach covellite (b) hosts significant 226Ra, 210Pb, and 206Pb. Note: 421 
The black anomaly running through the nanoSIMS color composite (a) is a surface crack 422 
which developed after the BSE image was taken.  423 
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Figure 9. BSE images with an EDS color composite (top, center) and nanoSIMS overlays for 425 
grain MR11-4b. Maps of 138Ba, 226Ra, 210Pb, and 206Pb are presented. This unprocessed drill 426 
core sample consists of quartz (Qz), fluorite (Flu), sub-micron-scale galena (Gal), and 427 
hematite (Hm) hosted in both porous and non-porous chalcopyrite (Cpy) and massive 428 
sphalerite (Sph). Porous regions of both sphalerite and chalcopyrite have accumulated spotty 429 
Ba, but only porous chalcopyrite hosts 226Ra and 210Pb. Non-porous chalcopyrite is barren of 430 
Ba, RNs and 206Pb. 431 
Agglomerates of fine particles present in the +53 µm sized sample formed during laboratory 432 
screening/cyclosizing. These agglomerates contain particles that represent a wide range in 433 
mineralogical diversity, they have extremely high surface areas compared to surrounding 434 
grains. Two agglomerates, (a) from flotation concentrate and (b) representing acid-leached 435 
concentrate are presented in Figure 10. NanoSIMS mapping reveals slight differences in RN-436 
hosting potential. There are foci of 226Ra, 210Pb, and 206Pb activity in the FC sample. 437 
Comparison with other isotopic maps for the same sample confirms that these points entirely 438 
coincide with spots of either 238U, 138Ba, or 169Tm - suggesting that these signals are simply 439 
sub-micron grains of uraninite, coffinite, baryte, xenotime, etc. which are known RN hosts. 440 
The acid-leached sample also shows foci of activity, but these overlie a nebulous background 441 
of 210Pb, 226Ra, and 238U present throughout the entire map, excluding large grains of non-RN-442 
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bearing minerals. Surface area may act as an independent RN host, accumulating sulphate-443 
insoluble components of the leach solution on almost all surfaces. 444 
 445 
Figure 10. BSE images, nanoSIMS color composites, and nanoSIMS isotopic distribution 446 
maps for “grains” 02FC27 (a) and 02CLD65 (b), agglomerates. Maps of 226Ra, 210Pb, and 447 
206Pb are presented. In the flotation concentrate agglomerate (left) tiny spots of 210Pb and 226Ra 448 
can be seen, but have a direct correlation with signals of either 238U, 138Ba, or 169Tm. 449 
3.3. Recycled smelter slags 450 
Olympic Dam electric furnace slags contain Cu and are routinely reprocessed in the 451 
concentrator to recover the Cu. Figure 11 presents 226Ra and 210Pb distributions in two slag 452 
samples: (a) from flotation concentrate; and (b) from acid-leached concentrate. Both grains 453 
consist of Fe-Cu-oxides and -silicates of varying compositions. Thorium-230 and 238U have 454 
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distributions similar to Pb in both grains, but at insignificant concentrations. The small inset in 455 
Figure 11b highlights a 5 μm-sized glass bead inclusion, itself containing 10-50 nm-diameter 456 
clustered nanoparticles of unknown composition. Radium-226 seems to be enriched at the 457 
centre of these glass beads, correlating with Ba. These unique images vividly emphasise the 458 
extraordinary capabilities of nanoSIMS mapping and underscore the near impossibility of 459 
accurate detailed in situ RN analyses by most other techniques. 460 
 461 
Figure 11. BSE images, nanoSIMS color composites, and nanoSIMS isotopic distribution 462 
maps for slag grains 10FC47 (a) and 05CLD40 (b). Maps of 226Ra and 210Pb (blue outline), 463 
and 206Pb (red outline) are presented. Compositions for both are Fe-Cu-oxides-silicates in 464 
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various proportions. Slag textures include symplectites, fine crystalline aggregates, large 465 
euhedral crystals, and glassy inclusions (Gl). The inset in BSE image (b) shows nanometer-466 
sized inclusions within the glassy spherule. 467 
4. Discussion 468 
4.1. Radionuclides hosted within minerals 469 
Due to the variable chemical characteristics of each radionuclide in the 238U decay chain, a 470 
large number of RN mineral hosts have been identified. The presence of an RN within a given 471 
mineral may result from at least one (or more) of six distinct pathways: crystallisation, in situ 472 
enrichment, CDR, fracture annealing, aggregate incorporation, or diffusion. 473 
Crystallisation refers to incorporation of the element of interest during initial formation. 474 
Uranium and Th minerals are the most obvious examples, but this category also include 475 
minerals which readily adopt U and Th into their crystal structures, such as U in zircon or Th 476 
in monazite. Zoned apatite grains in Figure 2 and rutile in Figure 3 both exhibit traces of U 477 
throughout, likely incorporated during initial crystal formation. Thorium content in apatite is 478 
predominantly primary but is also the result of in situ 238U decay. Apatite has thus been 479 
proposed as an efficient repository for radioactive waste (Rigali et al., 2016). Radionuclides 480 
are well known in rutile and have been measured previously, including U (Dostal and Capedri, 481 
1978; Jackson et al., 1994; Radhamani et al., 2010), Th (Jackson et al., 1994) and Ra 482 
(Morawska and Jeffries, 1994). 483 
In situ enrichment is the accumulation of a daughter isotope in a mineral originally 484 
containing the parent isotope. The parent may have incorporated into the crystal structure 485 
during mineral formation or may itself be the result of in situ enrichment. The association 486 
between 226Ra and 210Pb, shown in several figures here (Figures 1-5, 6b, 7, 8b, 9, 10, and 11a) 487 
is an excellent example of this, and is strongly time dependent. Although 238U (half-life 4.47 488 
Ga), 234U (245,500 yrs.), and 230Th (75,350 yrs.) have sufficiently long half-lives for 489 
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independent dissolution, mobilisation, and recrystallisation – at least in a buried deposit with 490 
near continuous groundwater circulation buffered by a high fluoride content (McPhie et al., 491 
2011) – it is very unlikely that 210Pb (22.3 yrs.) would have enough time to accumulate 492 
sufficiently to form independent mineral grains, even at the micron-scale. Under natural 493 
conditions, 210Pb is linked to Ra chemistry and can only possibly exist in significant quantities 494 
where Ra resides. 495 
During metal extraction, however, dissociation can occur. Figure 11b shows 210Pb and 226Ra 496 
in smelter slag. When chemical reactions progress at extreme temperatures over hours instead 497 
of millennia (or longer), half-lives become irrelevant and 210Pb can follow its own 498 
thermodynamic path and behave similarly to 206Pb. Instead of concentrating in the Ba-rich glass 499 
bead inclusions which host much of the Ra, both Pb-isotopes are found only in the Fe-Cu-500 
silicate matrix. 501 
Coupled dissolution/reprecipitation involves the dissolution of a mineral, initially at the 502 
surface but propagating as a reaction front into the mineral, frequently accompanied by a 503 
complexing agent such as F- or Cl-, and precipitation of a replacement mineral (or same mineral 504 
with modified chemistry) in its place (Putnis, 2002). As dissolution continues and porosity 505 
increases, a replacement front can work its way deep beneath the mineral surface. Advanced 506 
CDR may result in the complete replacement of one mineral by another, usually with retention 507 
of the original crystal morphology (pseudomorphism). 508 
One of the identifying characteristics of CDR is preserved porosity (Putnis, 2009), which 509 
can be caused by the volume differential between parent and product minerals, or the rate 510 
differential between dissolution and precipitation. Figure 9 shows Ba and RN uptake into 511 
porous areas of chalcopyrite with no uptake in non-porous regions. This may represent limited 512 
CDR, with only thin veneers of what is likely Ra- and Pb-bearing baryte coating the inner pore 513 
surfaces. An alternative explanation exists, however. The porosity may have existed 514 
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previously, and Ba and Ra were deposited during subsequent mineralised fluid circulation. 515 
Although still a surface-driven mechanism, this would qualify as simple crystallisation. 516 
Replacement of bornite by covellite (Figure 8) is also via CDR, though it is possible in this 517 
case that the ‘new’ covellite is not directly hosting RNs within its crystal structure but is instead 518 
attracting RN nanoparticles to its extensive surface area. 519 
Fractures exist in most samples in this study as an unfortunate side-effect of mechanical 520 
grinding. Observations from core samples, however, verify the existence of abundant 521 
microfracturing in most minerals within the deposit, consistent with the protracted geological 522 
history (Ehrig et al., 2017). Saturated fluids readily deposit minerals in fractures and pores 523 
(Bekri et al., 1997; Dijk and Berkowitz, 1998; Tartakovsky et al., 2007). Over time, defects in 524 
mineral structures may anneal, resulting in what appears to be a continuous, uniform crystal 525 
structure. If mineralisation occurred in the fractures prior to annealing, the trapped phase would 526 
be incorporated within the host phase. Alternatively, foreign-element uptake may be possible 527 
via the mechanically similar process of aggregate incorporation. 528 
If a change in the source or composition of a mineralising fluid occurs during mineral 529 
crystallisation, elements that are incompatible within the structure of that mineral may become 530 
trapped. An initial generation of mineral growth, defined by multiple isolated nucleation points, 531 
is followed by fluid interaction and surface deposition of a second mineral. Crystal growth of 532 
the primary mineral then continues, merging around the secondary surficial crust. Annealing 533 
incorporates the secondary phase as thin zones into what outwardly appears to be a single 534 
crystal of the primary mineral (Figure 12). Further evidence of fluid-assisted remobilization 535 
and redeposition of Pb can be seen in Figure 2, which shows 206Pb-filled grain boundaries 536 




Figure 12. Schematic illustration of aggregate incorporation. The sequence would be: (a) 540 
primary crystal growth (blue vertical lines) from solution (light blue); (b) thin deposition of 541 
Pb-phase (red) from different mineralising fluid (pink), covering every surface; (c) 542 
continuation of chalcopyrite growth, with a different crystal orientation (blue horizontal lines), 543 
filling remaining voids. Thin veneers of a Pb-bearing phase now exist in what outwardly 544 
appears to be a single grain of chalcopyrite. 545 
Electron backscatter diffraction (EBSD) can determine the crystal orientation of minerals. 546 
Figures 6a and 8a show thin, linear traces of 206Pb in chalcopyrite and bornite, with some tracks 547 
corresponding to current microfractures and other tracks apparently independent of any visible 548 
structures. NanoSIMS maps of a seemingly uniform grain of chalcopyrite containing a large 549 
cobaltite inclusion reveal a network of 206Pb throughout the chalcopyrite, aligning with no 550 
visible cracks or grain boundaries (Figure 13). EBSD mapping of the grain, however, reveals 551 
a complex crystal orientation pattern which aligns perfectly with the 206Pb nanoSIMS map. 552 
Straight-line orientation boundaries on the EBSD image (with no incorporated Pb) represent 553 
twinning. Simultaneous growth of both twins would preclude incorporation of Pb. 554 
Mineral deposits are, essentially, examples of non-equilibrium at a regional scale. Diffusion 555 
is – to some extent – ubiquitous in such an environment, even at low-T, low-fluid conditions 556 
(Atkinson, 1985). The Second Law of Thermodynamics suggests that any concentration 557 
imbalances will slowly approach equilibrium (given the mechanisms to do so) and when time 558 
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is in abundance (i.e. geologic time scales) processes of equilibration can be extensive (Brady, 559 
1995). Fluid-rock interaction will generally accelerate the uptake of trace elements through 560 
alternative means (Putnis, 2014). Diffusion is considered to be an ever-present but minor 561 
mechanism which is generally eclipsed by processes such as CDR (Putnis, 2002). Figure 6a 562 
highlights the difference between mineral boundaries (hematite and enclosing minerals, which 563 
may not necessarily be in equilibrium) and diffuse boundaries (gradational from 564 
chalcopyrite→bornite→chalcocite). The chalcocite-bornite symplectite in Figure 4 is also the 565 
result of oriented diffusion. 566 
 567 
Figure 33. BSE, nanoSIMS composite, and EBSD images of grain 10FC52 – cobaltite (Cob) 568 
in chalcopyrite (Cpy). For the nanoSIMS composite, orange represents Fe + Cu (chalcopyrite 569 
in this instance) and light purple represents Pb overlapping Cpy. The colours in the EBSD 570 
image indicate different crystal orientations. The 206Pb nanoSIMS map (grey stipple) overlays 571 
the EBSD map. Lead-206 has been clearly deposited and incorporated during aggregate 572 
chalcopyrite crystal growth, and not within annealed fractures in a single crystal. 573 
4.2. The significance of mineral surfaces 574 
One surprising fact resulting from nanoSIMS mapping – with major significance for RN 575 
removal from final concentrates – is the nearly ubiquitous presence of RNs on grain surfaces, 576 
along grain boundaries, and within fractures and cleavage planes. For the most part, samples 577 
of flotation concentrate show little-to-no surface enrichment in any of the isotopes mapped. 578 
Acid-leached samples, on the other hand, exhibit a nearly ubiquitous “coating” of 206Pb, 210Pb, 579 
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and 226Ra, and Figures 4 and 8b illustrate these bright rims on grain surfaces. This surface 580 
enrichment is variably smooth or spotty, with very high concentrations occurring where surface 581 
damage has resulted in microfracturing or other topographic irregularities. 582 
Sulphide surfaces shift away from their isoelectric points during acid leaching (Bebie et al., 583 
1998), creating potential for surface adherence of charged particles. This effect is amplified for 584 
sulphides of extremely high surface areas – for example, the micaceous cleavage exhibited by 585 
molybdenite and covellite (Figures 7, 8). These minerals appear to act as electrostatic filters, 586 
removing insoluble sulphates of Sr, Ba, Pb, and Ra as nanoparticles or nanoclusters. 587 
Molybdenite is generally close to stoichiometric with only limited minor element components 588 
(Palache et al., 1951); however, LA-ICP-MS analyses of samples from the Hilltop Au deposit 589 
in Nevada, USA, and the Boddington Cu-Au-(Mo) deposit in Western Australia have revealed 590 
concentrations >100 ppm of W, Re, Te, Bi, Pb, and Se (Ciobanu et al., 2013b). Up to 4.5 wt.% 591 
Pb has been measured in molybdenite from Shanxi, China (Li et al., 2016), although it is 592 
possible that this molybdenite only hosts Pb trapped at surfaces with little or none actually 593 
located in the MoS2 crystal structure. Covellite may also contain Pb (to <0.1 wt.%), possibly 594 
in its structure, as recorded by LA-ICP-MS data (Melekestseva et al., 2017). It should be noted 595 
that it is beyond nanoSIMS capabilities, or indeed the scope of the present contribution, to 596 
distinguish between matrix-hosted RN cations and surficially-affixed RN-rich particles. 597 
The most feasible explanation for surficial RN enrichment in acid-leached concentrates 598 
begins with liberation of 226Ra, 210Pb, 210Po, and 206Pb from dissolved uranium minerals. Excess 599 
sulphate immediately precipitates all four as nanoparticles onto available mineral surfaces, as 600 
they (along with Ba and Sr) represent the only acid-insoluble sulphates on the periodic table.  601 
Considering this phenomenon, exposure to H2SO4 may be viewed as non-ideal with respect 602 
to RN removal, but the amount of sulphate already in the concentrate (chiefly as baryte) renders 603 
this moot. Some of the newly-formed sulphates will complex with chloride or other ligands 604 
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and become available for CDR or diffusion. Uptake of RNs into baryte through CDR is 605 
substantial (Rollog et al., 2019b). Non-complexed RN-sulphate nanoparticles eventually 606 
accumulate by mechanical or electrostatic means, filtered out of suspension by contact with 607 
high surface area minerals or textures. 608 
If RN-bearing nanoparticle formation and behaviour can be validated, for example by direct 609 
visualisation of the nanoparticles in question, this information may prove invaluable in attempts 610 
to engineer alternative strategies for RN removal. Liberation of RNs followed by deposition on 611 
all grain surfaces may seem problematic, but it may actually facilitate easy access in any 612 
remedial, post-leach removal process. 613 
In contrast to RN retention, expulsion of isotopes is also a consideration when determining 614 
mechanisms for dissociation. The alpha decay recoil of 234Th in coffinite, for example, has little 615 
influence on micron-sized grains and no influence on mm-sized grains. Researchers attempting 616 
to date sediments have noted that RN recoil out of small particles may cause a depleted zone 617 
near particle or crystal edges (DePaolo et al., 2006; Dosseto et al., 2008). Their solution is to 618 
apply a correction based on sediment-size distributions – or to simply use larger size fractions 619 
for their measurements. For process engineers, slightly depleted edges may affect ratio 620 
calculations but they would have little effect on overall retention of RNs in grains of interest – 621 
except for nanoparticles. If a 30 nm recoil is assumed for decay from 238U to 234Th in coffinite, 622 
then any nanoparticle <30 nm diameter would lose all of its 234Th – and all of the daughters to 623 
follow, except for the small percentage which may then recoil back into the grain. Figure 14 624 
was modelled using a fractional loss equation for a sphere (equation (2) from DePaolo et al., 625 
2006) which details the potential of a spherical particle to lose a daughter ion to recoil.  626 
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 627 
Figure 14. Probability of loss of daughter ions through recoil, modelled on spherical particles. 628 
The 30 nm recoil line (red) would be typical for 234Th recoil in coffinite, suggesting nearly 629 
100% loss of all daughter isotopes from coffinite particles/crystals smaller than 30 nm 630 
diameter or width. 631 
This phenomenon might be seen as a mere curiosity given that it only affects the smallest 632 
(sub-micron) grains, but it is probable that nanoscale mechanisms play a primary role in the 633 
mobility and deportment of RNs at Olympic Dam. Nanoinclusions of U-bearing phases are 634 
nearly ubiquitous throughout the deposit, and are hosted in most minerals, including all main 635 
sulphides (e.g., Figures 4, 6a, 7). The ‘new’ insoluble Ra-, Pb-, and Po-bearing sulphates 636 
formed during the acid leach process are at least partly nanoparticulates (Rollog et al., 2019b). 637 
This has implications for processing and would explain why 210Pb and 210Po are frequently not 638 
observed together with 206Pb (with a recoil energy 43% greater than 234Th; Hashimoto et al., 639 
1985). Although such separation is most marked in leached concentrates, it also occurs within 640 
the deposit as well; dissociation between 226Ra and 210Pb will be aided by four intermediate 641 
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5. Conclusions 643 
• Minor host minerals may represent a significant, hitherto poorly constrained 644 
reservoir for radionuclides, especially 226Ra and 210Pb, within copper concentrates at 645 
Olympic Dam, and potentially other mineral deposits.  646 
• Incorporating host minerals include apatite, fluorite, hematite, rutile, zircon, and 647 
likely also various REE fluorocarbonates and phosphates. 648 
• Surficial hosts represent a significant RN reservoir in acid-leached copper 649 
concentrate, as sulphate-insoluble members are found on the surfaces of most grains. 650 
Surface area is a controlling factor, and nucleation on highly fractured or otherwise 651 
textured surfaces may result in significant localised RN activities. 652 
• NanoSIMS mapping represents an efficient, high-resolution method to gain an 653 
understanding of RN distributions in complex ores and processing materials. 654 
Meaningful semi-quantitative distribution models can only be devised by a holistic 655 
investigation, incorporating likely, predictable hosts, less obvious potential mineral 656 
hosts, and non-mineral bound RNs. 657 
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Uranium- and thorium-bearing base metal mineral deposits contain daughter radionuclides 822 
which must be monitored and preferably removed or reduced during the process of generating 823 
base metal sulfide concentrates. Understanding the behavior of these radionuclides (focusing 824 
on 226Ra in this study) is critical for minimizing their concentrations in final economic products. 825 
To this end, Ra uptake into Sr, Ba, and Pb sulfates was evaluated experimentally under various 826 
conditions, including those approximating processing plant environments. Lead activity was 827 
also monitored, as 210Pb is also a radionuclide of concern. To simplify experiments, synthetic 828 
crystals of celestine (SrSO4), baryte (BaSO4), and anglesite (PbSO4) were grown in silica gel 829 
and subsequently exposed to RaCl2 solution at both low and neutral pH, for both 40 and 210 830 
hours. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) transects 831 
were performed across the grains to determine uptake of Ra (as well as trace Sr, Ba, and Pb) in 832 
the sulfates. Results indicate that Ra uptake in celestine is efficient when Ba and Pb are absent 833 
but is reduced to nearly zero when competing with baryte and anglesite. High acid sulfate 834 
activity inhibits uptake. Baryte incorporates significant Ra under all conditions. Anglesite is 835 
affected by coupled dissolution-reprecipitation mechanisms, resulting in dissolution of PbSO4 836 
followed by precipitation of a mixed (Pb,Ba,Sr,Ra)SO4 phase in its place. Again, high sulfate 837 
activity inhibits this reaction. With this knowledge, it may be possible for process engineers to 838 
purposefully stimulate precipitation of Ra (and possibly Pb) onto a sulfate matrix, given the 839 
right conditions. Precipitation of RaSO4 (and 
210PbSO4) onto a removable phase during 840 
processing would result in sulfide concentrates with natural background concentrations of 841 
radionuclides. Results from this study, including semi-quantitative Ra concentration data 842 
obtained via in situ LA-ICP-MS analysis add to data pertinent to management of Ra in boiler 843 
scales, oil and gas pipelines, environmental remediation, nuclear medicine, nuclear fuel 844 
processing and waste storage, among other industrial and research applications. 845 
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1. Introduction 846 
Radium management is a continuing issue in a number of industries and research disciplines 847 
including mining and ore treatment (Roessler, 1990; Pluta, 2001; Carvalho et al., 2007), 848 
environmental monitoring (Puch et al., 2005), boiler operations (Poggi et al., 2015), oil 849 
(Gazineau & Hazin, 2008) and gas pipelines (Zhang et al., 2014), energy production from coal 850 
(Baba, 2002; Janković et al., 2011), nuclear medicine (e.g., Parker et al., 2013), nuclear energy 851 
production and waste management (Ojovan et al., 2019), and the few remaining industrial 852 
applications using Ra (Pratt, 1993; Halmshaw, 1996). Regardless of whether Ra is being 853 
minimized (environmental concerns) or maximized (Ra production for medical or industrial 854 
applications), the behavior of Ra and Ra-bearing compounds needs to be comprehensively 855 
understood, especially where that behavior is modified during a given industrial process, or 856 
under varying conditions. 857 
Given that the most common isotope 226Ra is around 3 million times less abundant than its 858 
distant parent isotope 238U, detailed research into this element has only progressed as quickly 859 
as have advances in nanoscale analytical techniques that can accurately pinpoint host phases 860 
and provide qualitative or semi-quantitative data on activities/concentrations. Much research 861 
into Ra isotopes focuses either on natural abundances in environmental samples, or the 862 
handling of Ra-enriched products from nuclear fuel and other industrial uses. 863 
This study highlights the importance of Ra management in the minerals industry where Ra 864 
concentrations in ores and intermediate processing materials may be elevated compared to 865 
natural background values but are not isolated within specific Ra-bearing products. Operators 866 
of mining-processing-smelting operations – including those exploiting ores that contain 867 
uranium and/or thorium – are tasked with isolating and purifying the elements or products with 868 
economic value from those without. Whether U or Th is economically recovered or not, these 869 
operators have the additional burden of managing daughter radionuclides (RNs) produced via 870 
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isotopic decay. Generally, daughter isotopes of the 235U and 232Th decay chains do not cause a 871 
problem during ore processing due to their extremely low concentrations or low activities. 872 
There are, however, a few members of the 238U decay chain which may accumulate to above-873 
acceptable activity levels during processing – yet remain below detection limits for most in situ 874 
analytical methods. Radium-226, 210Pb, and 210Po are such daughters, and additional steps must 875 
be taken to remove, or at least reduce, them in products to be sold on world markets or destined 876 
for further processing. Radium, Pb, and Po all form insoluble sulfates (along with Sr and Ba) 877 
and therefore the deportment of these elements in the deposit, and during ore processing, tends 878 
to be defined by sulfate activity.  879 
Research into radium uptake in baryte began nearly a century ago (Doerner and Hoskins, 880 
1925) and continues today (e.g., Curti et al., 2010; Weber et al., 2017; Vinograd et al., 2018a, 881 
2018b). Similar mechanisms have been recognized in PbSO4 (Langmuir and Riese, 1985), 882 
SrSO4 (Brown et al., 2015), and mixed sulfates (e.g., Momoshima et al., 1997; Chao et al., 883 
2009; Hedstrom et al., 2013; Vinograd et al., 2018a/b). Most existing literature focuses on Ra 884 
uptake over long periods of time under relatively benign conditions. This study aims to 885 
illuminate the mechanisms of Ra uptake into sulfates under more trying conditions – those 886 
which may be found in hydrometallurgical facilities at mine sites, in boiler operations, or in 887 
gas and oil production pipelines. Short exposure times (40 and 210 hours), elevated 888 
temperatures (60 °C), and harsh pH conditions (H2SO4, ca. 1.5 M), result in thermodynamic 889 
and kinetic conditions which may not exist under milder circumstances and may significantly 890 
accelerate reactions.  891 
Chloride aids in dissolution of SrSO4, BaSO4, and PbSO4 (Lucchesi and Whitney, 1962; 892 
Linke and Seidell, 1965; Raju and Atkinson, 1988, 1989; Nguyen et al., 2011) and is predicted 893 
to do the same for RaSO4. In contrast, high sulfate activity should inhibit solubilities by causing 894 
precipitation at much lower concentrations, therefore reducing residence times of Sr2+, Ba2+, 895 
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Pb2+, and Ra2+ in solution. Reduced cationic residence times are predicted to translate into less 896 
uptake of Ra into the host crystals, although the adherence of freshly precipitated Ra-bearing 897 
sulfate nanoparticles onto crystal surfaces is a possibility.  898 
Three primary methods of uptake are investigated, although these may not be 899 
comprehensive. Coupled dissolution-reprecipitation (CDR) involves the dissolution of a host 900 
phase and precipitation of a new phase in its place, usually retaining the original crystal 901 
morphology but exhibiting increased porosity (Putnis, 2002, 2009). Overgrowth involves the 902 
precipitation of a new phase on the surface of a host crystal without significant dissolution of 903 
the host phase. Diffusion refers to solid-state diffusion of a species into the surface of a host 904 
crystal without either significant dissolution of the host, or precipitation of a new phase. 905 
This study has focused on 226Ra and Pb with specific regard to the potential implications for 906 
effective treatment of ores and concentrates composed of minerals, although applications may 907 
extend to any industry or research application challenged with either the management of Ra or 908 
the removal of unwanted Ra.  909 
2. Experimental Methods 910 
2.1. Crystal growth 911 
To better understand the behavior of insoluble sulfates, crystals of synthetic celestine (SrSO4), 912 
baryte (BaSO4), and anglesite (PbSO4) were prepared by the silica gel method (Patel and Bhat, 913 
1972; Henisch, 1996). Briefly, sodium metasilicate solutions were prepared containing either 914 
Sr2+, Ba2+, or Pb2+ (0.01-0.02 M) which were poured into individual 75 mL test tubes (to about 915 
1/2 full) and allowed to set for one week into a semi-firm gel. Once firm, a solution of sodium 916 
sulfate (0.1 M) was carefully poured on top of the gel and was allowed to diffuse into the gel 917 
for 1-2 weeks. SrSO4, BaSO4, or PbSO4 crystals grew by the slow interaction of reagents. The 918 
gel was scraped into a beaker and a jet of RO water from a squeeze bottle was used to break 919 
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up the gel and dislodge the crystals. Gentle swirling with multiple rinses of RO water resulted 920 
in the crystals settling on the bottom of the beaker. The crystals were then removed with a 921 
disposable pipette. Crystals were rinsed only with RO water, but SEM imaging of the crystals 922 
showed nearly complete removal of the silica gel. It was decided that the tiny spots of 923 
remaining silica gel would not affect the overall results, as chemical cleaning of the crystals 924 
might.  925 
A detailed description of the exact crystal growth method may be found in Rollog et al. 926 
(2019). Celestine, baryte, and anglesite all crystallize in the orthorhombic crystal system, 927 
dipyrimidal (2/m 2/m 2/m) crystal class. Crystals ranged in size from 50 to >500 µm in 928 
maximum dimension. The PbSO4 specimens were euhedral and transparent, generally adopting 929 
a roughly tetragonal prism with variable dipyrimidal (bladed) terminations (Figure 1). 930 
Strontium sulfate crystals were similar, though translucent, with slightly rounded prisms. 931 
Twinning was frequent, as were additional lateral growths (“ears”) near the prism/termination 932 
interface. The BaSO4 almost always formed translucent twin blades, joined at their centers in 933 
“bowtie” fashion.  934 
Crystals were imaged on an FEI Quanta450 field emission gun scanning electron 935 
microscope (FEG-SEM), coupled with an Oxford Ultim Max energy-dispersive spectrometer 936 
(EDS) at Adelaide Microscopy (The University of Adelaide). All EDS spectra were clean and 937 
sharp, showing no contaminating cations above minimum limits of detection (~0.1 wt.%), 938 
although small spots of silicon contamination (from the silica gel) could be seen on the surface 939 
of some grains. 940 




Figure 4. Backscatter electron (BSE) image of typical crystals of synthetic anglesite, 942 
celestine, and baryte crystals grown in silica gel. 943 
It should be noted that although these synthetic crystals do not adhere to the strict definition 944 
of a mineral (Dyar et al., 2008), the terms baryte, celestine, and anglesite are used 945 
interchangeably with BaSO4, SrSO4, and PbSO4, respectively, in this study. These synthetic 946 
crystals were created as clean, impurity-free proxies for the natural minerals that commonly 947 
contain up to wt% levels of other cations (e.g., Sr in baryte). Evidence suggests that their 948 
behaviors are similar enough that the results of these experiments would apply equally to 949 
synthetic phases and their mineral analogues. 950 
2.2. Reactions 951 
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Four sets of experiments were performed using the crystals, with four reaction vials per set. 952 
The first three sets involved reacting isolated sulfates with RaCl2 solution, both with and 953 
without additional sulfuric acid, both for 40 hours and for 210 hours. The final set repeated 954 
these conditions, but all three sulfates were together in the same vial. All reactions took place 955 
at 60 °C. The RaCl2 solution used was provided by the South Australian Environmental 956 
Protection Authority (SA EPA) and was reported to be 100 Bq/mL. Solution ICP-MS analysis 957 
of the RaCl2 solution revealed many other elements (Figure 2). Although the presence of trace 958 
amounts of Sr, Ba, and Pb in the RaCl2 solution was not ideal, it does in fact represent 959 
conditions that more closely resemble those in natural environments.  960 
 961 
Figure 2. Solution ICP-MS analysis of the RaCl2 solution provided by SA EPA. All values 962 
were calculated based on standard solutions except Ra, which is shown as 50 Bq/ml (~6 nM) 963 
– as reported by the SA EPA. Contaminants included 165 ppb Sr, 5.8 ppm Ba, and 75 ppm 964 
total Pb. 965 
It should be noted that the addition of H2SO4 to some of the vials actually varies two 966 
parameters instead of one – an increase in sulfate activity and a decrease in pH. In the future, 967 
high-sulfate, neutral pH and sulfate-free, low pH experiments will also be performed. Acid 968 
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sulfate solutions were used to more closely represent the conditions experienced during mineral 969 
processing.  970 
Two to five crystals of each sulfate were selected for size and quality and added to the 971 
appropriate vials (Table 1). Although the samples were not weighed, a rough visual estimate 972 
was made to balance the amount of material in each vial (i.e., fewer large crystals, or more 973 
smaller ones). 974 
Table 1. Vial contents for the four experiments (experiment 1 = vials 1(a-d), experiment 2 = 975 
vials 2(a-d), etc.) Values under the crystal types are the numbers of crystals added to each 976 
vial. Solutions (150 g/L sulfate H2SO4, reverse osmosis (RO) filtered H2O, and 50 Bq/mL = 977 
~6 nM RaCl2) reported in µL. 978 
Vial #s n SrSO4 n BaSO4 n PbSO4 H2SO4 (µL) H2O (µL) RaCl2 (µL) 
1 (a,c) 2-3    50 50 
1 (b,d) 2-3   50  50 
2 (a,c)  4-5   50 50 
2 (b,d)  4-5  50  50 
3 (a,c)   2  50 50 
3 (b,d)   2 50  50 
4 (a,c) 2-3 4-5 2  50 50 
4 (b,d) 2-3 4-5 2 50  50 
The RaCl2 solution was diluted by a factor of two (from 12 nM to 6 nM), and 50 µL was 979 
added to each vial. Sulfuric acid (50 µL, 150 g/L sulfate ≈ 1.6 M) was added to half of the 980 
vials, RO water (50 µL) was added to the other half to maintain consistent [Ra]; square brackets 981 
designate concentrations/activities. Sample vials were placed in a 60 °C oven and left 982 
undisturbed to react for either 40 or 210 hours. After the reactions were complete, crystals were 983 
rinsed three times with 60 °C RO water and left to dry in the vials. Crystals from each vial were 984 
individually selected under a microscope with a fine-tip paint brush and arranged on double-985 
sided tape, stuck to the base of a 1-inch round epoxy mold. Two identical epoxy mounts were 986 
made, each with all 24 crystal experiments represented (one crystal each from vials 1a-3d, three 987 
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crystals each from vials 4a-4d). Mounts were polished and carbon-coated, after which grains 988 
were imaged and analyzed by SEM-EDS. 989 
EDS spectra of grain interiors were again shown to be clean and sharp, with the only 990 
contamination coming from trace amounts of Si in some of the grain cores – a common 991 
occurrence when growing crystals in silica gel. Since these experiments focused on surface 992 
reactions, the slight Si enrichment in grain cores was considered irrelevant. Porosity was also 993 
noted in some grains, especially in SrSO4, but sharp and distinct surface reaction zones in LA-994 
ICP-MS transects suggest that this was also not an issue. 995 
2.3. Analysis 996 
Sample grains were analyzed by laser ablation inductively coupled plasma mass spectrometry 997 
(LA-ICP-MS) using an ASI RESOlution-LR ArF excimer laser ablation system with a large 998 
format S155 sample chamber (Laurin Technic Inc.), coupled to an Agilent 7900x ICP-MS. 999 
Transects were performed across each crystal (using a 6 µm-diameter laser spot size), with at 1000 
least 10 µm on either side through the epoxy to establish a blank. Additionally, 110 µm-1001 
diameter single spot analyses were run (overlapping as much of the crystal edges as possible) 1002 
to ensure a sufficiently large Ra signal was obtained. Fluence was set to 3.5 Jcm-2 and repetition 1003 
rate was 10 Hz. Reference standard (NIST-610) was run in duplicate at the beginning, middle, 1004 
and end of the run. Isotopes analyzed included 88Sr, 138Ba, 204, 206, 207, 208Pb, and 226Ra. Elemental 1005 
concentration data for single spots were calculated using the internal standard method 1006 
(Longerich et al., 1996); transect concentration data (in ppm) were calculated using a modified 1007 
version of the internal standard method with an additional minor drift correction. Ra 1008 
concentration data were estimated using the method described in Section 4 below. Transect 1009 
concentrations were normalized (in ppm) to 1,000,000 as measured in the center of the grain 1010 
instead of ppm(total count) to avoid anomalous values across grain/epoxy boundaries. Isotopic 1011 
abundances were converted to elemental abundances using global isotope ratios (Haynes, 1012 
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2014). Time-resolved transect data from the ICP-MS (in seconds) were converted to distances 1013 
(in µm) by directly comparing the isotope trace signals to grain dimensions on the BSE images, 1014 
and are therefore estimates. Concentration data were smoothed using a 3-period moving 1015 
average to minimize electrical spikes.  1016 
Analyses of unreacted material revealed that all three sulfates are slightly contaminated with 1017 
other cations, although below EDS detection limits (Figure 3). Evident in the LA-ICP-MS 1018 
transects, however was that the baryte contains approximately 10 ppm total Pb and 140 ppm 1019 
Sr; celestine contains roughly 30 ppm of total Pb and 100 ppm of Ba; the anglesite contains up 1020 
to 500 ppm Ba in the crystal centers, decreasing to around 100 ppm near the edges, and 100 1021 
ppm Sr. These contaminations were likely in the original solutions used to grow the crystals, 1022 
but these traces and the [Sr], [Ba], and [Pb] in the Ra solution had only a minor effect on the 1023 
results of the experiments, as addressed in the ‘Results and Discussion’ sections below. 1024 
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 1025 
Figure 3. LA-ICP-MS transects and BSE images from unreacted crystals. Yellow arrows in the 1026 
BSE images indicate locations and directions of laser transects. Radium measurements were 1027 
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3. Results and Discussion 1033 
3.1. Transects 1034 
Although experiments 1-4 were run sequentially, they will be presented here in slightly 1035 
different order for clarity. Experiments 1-3 related to single sulfates, whereas experiment 4 1036 
involved all three sulfates in contact with one another. Each individual sulfate experiment will 1037 
be presented, followed immediately by the same sulfate representative from experiment 4. By 1038 
doing this, a simple comparison can be made between how these sulfates react with respect to 1039 
Ra solution when alone, versus the reactions involved when they are in direct competition with 1040 
the other two sulfates.  1041 
Experiment 1 involved isolated celestine crystals exposed to RaCl2 solution under given 1042 
conditions. The celestine crystals were euhedral to subhedral, with occasional twinning (Figure 1043 
4). Laser transects show sharp grain boundaries and stable Sr signals. Radium uptake by 1044 
celestine in the sulfate-free vials was extensive, both at 40 and 210 hours. Concentration 1045 
profiles of Ba and Pb parallel that of Ra., suggesting that even the minor concentrations in the 1046 
RaCl2 solution – along with chloride complexation – may have assisted in coupled dissolution-1047 
reprecipitation (CDR) reactions. Natural porosity in the crystals created during crystal growth 1048 
may have accelerated the infiltration. However, the vials containing sulfate show very little Ra 1049 
incursion into the crystals, despite the porosity. Radium uptake in these crystals still mimics 1050 
those of Ba and Pb, but CDR was limited to within a few microns of the crystal surface, and 1051 
total Ra uptake (and trace Ba and Pb uptake) was greatly reduced.  1052 
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 1053 
Figure 4. LA-ICP-MS transects and BSE images from experiment 1 with isolated SrSO4 1054 
crystals and RaCl2 solution: (a) without acid sulfate, 40 hours; (b) with acid sulfate, 40 hours; 1055 
(c) without acid sulfate, 210 hours; and (d) with acid sulfate, 210 hours. Yellow arrows in the 1056 
BSE images indicate locations and directions of laser transects. Radium concentrations (in 1057 
yellow) are estimates. 1058 
Celestine crystals from experiment 4 showed very different results (Figure 5). When in 1059 
direct competition with baryte and anglesite, virtually no Ra was incorporated into the celestine 1060 
– regardless of sulfate activity. Porosity does play a minor role as seen in Figure 5a, where [Pb] 1061 
increases and plateaus over a particularly porous region of the crystal. However, [Ba] and [Ra] 1062 
in this region are unaffected. There is some increase in [Ba] and [Pb] in the high-sulfate vials, 1063 
at grain surfaces, with a corresponding miniscule increase in [Ra].  1064 




Figure 5. LA-ICP-MS transects and BSE images from experiment 4 with SrSO4 crystals (in 1066 
contact with PbSO4 and BaSO4 crystals) and RaCl2 solution: (a) without acid sulfate, 40 hours; 1067 
(b) with acid sulfate, 40 hours; (c) without acid sulfate, 210 hours; and (d) with acid sulfate, 1068 
210 hours. Yellow arrows in the BSE images indicate locations and directions of laser 1069 
transects. Radium concentrations are estimates. 1070 
Experiment 2 focused on reactions of baryte crystals. An effort was made for the baryte 1071 
“bowties” to be mounted upright in the epoxy resin so that both blades were visible, but the 1072 
fragile (and microscopic) nature of these crystals occasionally resulted in broken or tilted 1073 
samples (Figure 5). Laser transects from baryte resemble those of celestine, in that sulfate-free 1074 
crystals incorporated very high amounts of Ra (to an estimated 6 ppm) throughout the entire 1075 
crystal, whereas Ra uptake in the presence of sulfate was limited to grain surfaces. Once again, 1076 
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chloride complexation in combination with CDR is a likely mechanism in both cases but is 1077 
inhibited by high sulfate activity. Radium concentration profiles in all four grains parallel those 1078 
of Pb but not Sr. Higher Sr concentrations in crystal centers suggest that higher concentrations 1079 
of Sr were incorporated into the crystal structure early in the growth process, and the Sr 1080 
contamination decreased as the crystals grew. Similar effects can be seen with Ba in Figure 5 1081 
above. pre-existing Sr may have been leached out during the experiment, whereas Pb was 1082 
incorporated – along with Ra.  1083 
 1084 
Figure 6. LA-ICP-MS transects and BSE images from experiment 2 with isolated BaSO4 1085 
crystals and RaCl2 solution: (a) without acid sulfate, 40 hours; (b) with acid sulfate, 40 hours; 1086 
(c) without acid sulfate, 210 hours; and (d) with acid sulfate, 210 hours. Yellow arrows in the 1087 
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BSE images indicate locations and directions of laser transects. Radium concentrations are 1088 
estimates. 1089 
Baryte crystals from experiment 4 also showed significant Ra uptake, in both sulfate-free 1090 
and sulfate-rich environments, but the CDR reaction fronts never penetrated more than about 1091 
20 µm in from the grain surface (Figure 7). The central feature in Figure 7d resulted from the 1092 
laser sampling the bottom of a tipped-sideways crystal, visible as a “smear” in the BSE image. 1093 
Overgrowth (predominantly PbSO4) can be seen in BSE images as well as in the ICP-MS 1094 
traces, where the Pb (blue) line exceeds the Ba (green) line (e.g., Figure 7c). Radium 1095 
concentration profiles consistently parallel those of both Sr and Pb. Both [Pb] and [Sr] 1096 
increased with time (the only experiment in which time had a marked effect) but [Ra] remained 1097 




Figure 7. LA-ICP-MS transects and BSE images from experiment 4 with BaSO4 crystals (in 1101 
contact with PbSO4 and SrSO4 crystals) and RaCl2 solution: (a) without acid sulfate, 40 hours; 1102 
(b) with acid sulfate, 40 hours; (c) without acid sulfate, 210 hours; and (d) with acid sulfate, 1103 
210 hours. Yellow arrows in the BSE images indicate locations and directions of laser 1104 
transects. Radium concentrations are estimates. 1105 
Large, euhedral anglesite crystals were exposed to RaCl2 solution in experiment 3 (Figure 1106 
8). Crystals remained euhedral, with a majority of the grain edges remaining sharp and clean, 1107 
although the grain in Figure 8a shows some surface dissolution. Some angular pitting was 1108 
evident along grain edges and within grains due to damage from polishing. In contrast to the 1109 
celestine and baryte results, anglesite incorporated very little Ra when isolated. A trace amount 1110 
(generally <1 ppm) was integrated into grain edges, seemingly in concert with uptake of Ba 1111 
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(but not Sr). Strontium traces remain constant throughout and represent the original ca. 100 1112 
ppm Sr contamination incorporated during crystal growth. Neither time nor sulfate activity had 1113 
a noticeable effect. 1114 
 1115 
Figure 8. LA-ICP-MS transects and BSE images from experiment 3 with isolated PbSO4 1116 
crystals and RaCl2 solution: (a) without acid sulfate, 40 hours; (b) with acid sulfate, 40 hours; 1117 
(c) without acid sulfate, 210 hours; and (d) with acid sulfate, 210 hours. Yellow arrows in the 1118 
BSE images indicate locations and directions of laser transects. Radium concentrations are 1119 
estimates. 1120 
Anglesite from experiment 4 showed distinct differences between the high-sulfate and 1121 
sulfate-free vials (Figure 9). Crystals from the high-sulfate experiments remained in excellent 1122 
shape, though the crystal in Figure 9b has slightly rounded corners and internal angular pitting. 1123 
The sulfate-free experiment anglesites showed significant corrosion and replacement, visible 1124 
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as darker patches (Sr- and Ba-rich sulfate) along grain edges. CDR is evident up to 60 µm deep 1125 
into the crystal in Figure 9a, with significant loss of Pb and corresponding uptake of Sr, Ba, 1126 
and Ra. As opposed to celestine, anglesite excels in incorporating Ra when in competition with 1127 
other sulfates. Once again, Ra concentration profiles parallel those of Sr and Ba, indicating that 1128 
CDR is driven by high [Sr] and [Ba] – released from their respective sulfates by chloride 1129 
complexation. High sulfate activity inhibits complexation, and therefore inhibits CDR.  1130 
 1131 
Figure 9. LA-ICP-MS transects and BSE images from experiment 4 with PbSO4 crystals (in 1132 
contact with SrSO4 and BaSO4 crystals) and RaCl2 solution: (a) without acid sulfate, 40 hours; 1133 
(b) with acid sulfate, 40 hours; (c) without acid sulfate, 210 hours; and (d) with acid sulfate, 1134 
210 hours. Yellow arrows in the BSE images indicate locations and directions of laser 1135 
transects. Radium concentrations are estimates. 1136 
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3.2. Single spot analyses 1137 
The 110 µm-diameter single spot analyses (visible craters in BSE images) were originally 1138 
planned as a backup, in case the 6 µm-diameter spot size transects did not show any Ra. 1139 
Fortunately, the transects provided excellent results regarding Ra uptake in these sulfates so 1140 
the larger spot data were no longer required. A few examples are nonetheless fitting here, as 1141 
these single spot analyses not only complement the transect results but also provided additional 1142 
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Figure 10. Single time-resolved LA-ICP-MS analyses of two lead sulfate grains. Radium, Sr, 
and Ba concentrations are elevated and consistent in the sulfate-free solution experiment (left) 
but 2-3 orders of magnitude lower in the high sulfate activity solution experiment (right). 
The grain from experiment 4a shows high, consistent traces for Sr, Ba, and Ra (Figure 10). 
CDR reactions have clearly eroded much of the PbSO4 (with increased porosity as a result) and 
replaced that material with (Pb,Ba,Sr)SO4. Although Sr replacement of Pb in sulfates through 
CDR can be >75 wt.% (Rollog et al., 2019), this crystal only reports around 1 wt.% Ba and 0.5 
wt.% Sr due to low concentrations of available, liberated Ba and Sr in the solution. Estimated 
Ra concentration hovers close to 1 ppm, although collateral inclusion of unreacted Ra-free core 
material in the laser analysis would likely indicate an elevated value in the rim. The anglesite 
from experiment 4b looks to be porous as well, but the ICP-MS spot analysis indicates very 
low uptake of Sr, Ba, and Ra in the crystal surface. Concentrations are quite consistent, with 
[Ba] and [Sr] leveling off at 200 ppm and 50 ppm, respectively. Considering the baseline 
contaminations in the anglesite crystal are roughly 165 ppm Ba and 115 ppm Sr, this represents 
little change – even a possible slight depletion in Sr. The Ra signal was at or below the detection 
limit of the ICP-MS, so the concentration is effectively zero. 
3.3. Overall reactions 
It is important to note here that these experiments differ from most previously published work 
in one critical aspect – time. The many excellent papers from the Institute for Energy and 
Climate Research in Jülich, Germany (and others) have also investigated Ra uptake by sulfates 
under various conditions, but their experiments were allowed to run for hundreds or even over 
one thousand days. Equilibrium may be assured in these timeframes. This information is critical 
in assessing the potential for loss of Ra from long-term waste storage facilities. The 
experiments presented here, however, run over the course of hours instead of years, have not 
reached (or in some cases even approached) equilibrium. The utility in such experiments lies 
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in the practicality of potential Ra removal from solutions in industrial settings, within an 
industrial timeframe. Future experiments by the authors will take this one step further, allowing 
reaction times from minutes to a few hours.  
There are three primary means of Ra uptake presented here: overgrowth, diffusion, and 
CDR. Overgrowth in these (and similar; Rollog et al., 2019) experiments is commonly 
observed on baryte. Bright rims of Pb-dominated sulfate can easily be seen growing on the 
surface of baryte blades, with little visible indication of baryte dissolution. Naturally this only 
occurs when sufficient Pb is available, represented in this study solely by the sulfate-free mixed 
vials from experiment 4 (Figure 7a, c). Chloride complexation releases enough Pb from the 
anglesite (evidenced by high porosity in the BSE image) to precipitate on the baryte. Strontium 
shows no overgrowth on baryte, nor is overgrowth seen on celestine or anglesite. Overgrowth 
is, however, known to occur on celestine given the right conditions (Rollog et al., 2019). 
Diffusion occurs to some extent in all of the crystals observed, aided by elevated 
temperatures and exposure to ionic solutions. Within a few microns of the surface, any cations 
in solution (or cation pairs) which will fit into the crystal structure will, given enough time, 
work their way in and replace the native species. Concentrations are generally low but can 
achieve wt.%. Although the mechanism may be similar to CDR, there is far less removal of the 
host cations. Crystal edges remain clean and sharp, with no signs of porosity or surface 
corrosion.  
CDR reactions are evident in anglesite, especially in the absence of sulfate. Surface 
corrosion of sulfates in chloride-rich, sulfate-poor solutions may occur (e.g., Figures 6a, 8a), 
but there is no significant replacement by any other cation. True CDR requires dissolution of 
the host matrix resulting in high porosity and significant replacement of the host cation by 
foreign species (Putnis, 2009). The anglesite from experiment 4a in Figure 9a shows classic 
CDR texture with corresponding replacement of Pb in the reaction zone, matching previous 
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results (Rollog et al., 2019). Thick zones, to 50 µm wide, show significant porosity as well as 
up to 6 wt.% replacement of Pb by (Sr+Ba). This increase in Sr and Ba, assisted by porosity, 
is likely the reason for significant Ra incorporation into the replacement zones. The increase in 
cell dimensions caused by different crystal ionic radii (CIR) of 1.58 Å for Sr2+, 1.63 Å for Pb2+, 
and 1.75 Å for Ba2+ (Shannon, 1976), as well as the uninhibited porous structure, allows for 
accommodation of the larger Ra2+ (1.84 Å; Shannon, 1976). The baryte in Figure 6a also likely 
represents CDR. A rough calculation of total Ra uptake suggests the complete, or nearly 
complete, removal of Ra from solution in these two experiments – corresponding closely to the 
total Ra available. 
Regarding Ra uptake, all three methods of incorporation seem to play a role. Thin diffusion 
zones can be seen near the surface of all three sulfates, but not under the same conditions. The 
overgrowth zone on baryte clearly hosts some Ra. CDR reactions incorporate Ra throughout 
the replacement zone in anglesite, up to 60 µm deep. Although there is no obvious preferential 
mechanism, it is abundantly clear that Ra does not act alone. In each instance above the Ra 
transect concentration profile parallels at least one non-host cation, suggesting a necessity for 
coupled precipitation. The crystal radius of Ra2+ in XII coordination is 1.84 Å (Shannon, 1976). 
Its substitution into baryte (Ba2+ radius = 1.75 Å) would be facilitated by co-incorporation with 
a smaller cation (Sr2+ = 1.58 Å; Pb2+ = 1.63 Å; Shannon, 1976) The correlation with Ba in 
anglesite and Pb in baryte – and the independence from Sr in both sulfates – indicates that Ra 
will incorporate easily into baryte or anglesite in conjunction with sufficient concentrations of 
the other cation. Alternatively, Ra will easily incorporate into plumbian baryte (hokutolite; 
Momoshima et al., 1997) or barian anglesite. In the absence of Pb, strontian baryte (10 ± 5 
mol.% optimal Sr) has been theoretically calculated to uptake Ra (Vinograd et al., 2018a).  
With regard to overgrowth, and to some extent the reprecipitation component of CDR, the 
minimization of volume mismatch during epitaxial growth (Klinkenberg et al., 2018) may also 
 198 
play a role. The larger Ra2+ and smaller Pb2+ or Sr2+ ions may combine, in certain combinations, 
to mimic the cell dimensions of BaSO4 which would promote growth on a baryte matrix. Even 
if this effect only enhanced – but was not critical to – the uptake of Ra in sulfate matrices, the 
affect on reaction rates may significantly improve Ra recoveries during short term industrial 
processes. 
4. Radium concentration estimation 
Radium concentrations (in ppm) given in the figures in the section above are estimated but are 
confidently within an order of magnitude of the true values. Relative sensitivity factors (RSFs) 
represent specific instrument responses and are unique to each element in each matrix. These 
can be used to directly convert counts per second (CPS) to ppm based on the internal standard 
method (Longerich et al., 1996). Since there was no Ra standard available, a series of proxy 
standards were analyzed to estimate the approximate RSF for Ra.  
Uranium-bearing minerals in secular equilibrium should contain calculable concentrations 
of all decay chain radionuclides. Therefore, if the amount of 238U is known (calibrated to an 
existing standard) then the rest of the decay chain should be estimable. Since radionuclide 
concentrations in secular equilibrium are inversely related to half-lives, it should be possible 
to compare half-life ratios to ratios of CPS directly from the ICP-MS to determine if a 
radioactive mineral is in secular equilibrium. One uraniferous thorianite (Madagascar) and 
three uraninites (Tsumeb, Namibia; Rum Jungle, NT, Australia; unknown deposit, North 
Carolina) were analyzed by LA-ICP-MS (Figure 11). Ratios indicate that the thorianite and 
two of the uraninite samples are at, or very near, secular equilibrium, and that the elements in 
the decay chain (U, Th, Ra, and Pb) all share very similar RSFs. In the fourth sample, uraninite 
3 (North Carolina), decay chain radionuclides are clearly not in equilibrium. 




Figure 11. Log ratio charts demonstrating secular equilibrium potential in thorianite and three 
uraninite grains. Y-axes represent log ratios of counts per second (CPS) directly from the ICP-
MS; X-axes represent log ratios of half-lives. Each mineral was analyzed 4-5 times. Ratios 
are labelled for thorianite and are consistent for all four charts. Secular equilibrium has been 
established for the first three samples; the third uraninite is clearly not in equilibrium.  
By calculating the concentration of 238U in each sample using the NIST-610 standard and 
estimating a CPS/ppm ratio for 226Ra from the charts above, [Ra] could be estimated. Values 
were estimated separately for LA-ICP-MS data from transects and large single-spot analyses. 
Comparing results from transects and single spots for the anglesites in experiments 4a and 4b 
show very similar calculated Ra concentrations, within a factor of two. For sample 4a, the 
discrepancy is narrowed even more when considering that the single spot analysis overlaps 
some of the anglesite core, which is known to contain no Ra. Material ablated from the epoxy 
contains no members of the decay chain and therefore does not affect the calculations. Sample 
4b shows concentrations approach zero, as the signals from ICP-MS were at or below the 
instrumental detection limit. Further quantification work is underway and will be published 
separately. 
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5. Implications for mineral processing and beyond 
For mineral processing engineers targeting production of sulfide concentrates, with 
radionuclide activities/concentrations at or below natural background levels, from uranium-
bearing copper ores, knowing the location and behavior of radionuclides is critical for effecting 
their removal. The information provided here not only offers insight into the behavior of Ra, a 
key intermediate member of the decay chain, but also provides a possible means of controlling 
this behavior to advantage. Depending on exact elemental activities within any given step in a 
processing circuit, it may be possible to stimulate precipitation of RaSO4 onto an added, or pre-
existing, matrix. It is unlikely, however, that any stage of a real-world processing stream would 
contain only one of the three minerals studied here, so the results from the “mixed” vial 
experiments would approximate conditions and guide efforts to sequester Ra in a processing 
circuit.  
As a repository, celestine would not be efficient in removing Ra from solution, given the 
results shown in Figure 5. Anglesite looks very promising but would have to be used in concert 
with another mineral to remove liberated Pb (the latter also being a deleterious element in 
concentrates). Furthermore, since 210Pb is likely to also be of equal if not greater concern, the 
build-up of total Pb in concentrates would necessarily result in the build-up of 210Pb as well – 
resolving one problem but instigating another. Baryte, either in bulk or as a coating on a neutral 
(e.g. ceramic) matrix may be the best solution, as significant Ra uptake occurs regardless of 
sulfate activity. Baryte can also incorporate wt.% levels of Pb, also reducing available 210Pb. 
Although Ra uptake seems to be linked with either Sr and/or Pb uptake, the [Sr] and [Pb] will 
likely be sufficient through dissolution of Pb- and Sr-bearing minerals already present in the 
concentrate. Alternatively, sulfate mixtures – either naturally occurring or manufactured – may 
represent the best possible Ra repositories. Assuming their ready availability close to the plant 
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site, they could represent a cost-effective solution that compares favorably with other 
recognized technologies for RN removal such as resin-in-pulp treatments or organic additives.  
This knowledge may find application in other industries. Oil, gas, and coal production all 
involve complex chemical processing – and all need to deal with various degrees of 
radionuclide accumulation, depending on source. Minor adjustments in processing, customized 
using the knowledge provided here, may facilitate efficient, cost-effective radionuclide 
management and disposal. Environmental remediation of contaminated sites (whether natural, 
accidental, or intentional) may also benefit by establishing passive Ra traps. The treatment of 
Ra-bearing waste from medical and industrial applications may be made safer by creating low 
cost, leach-resistant media which may be stored or repurposed. In short, all disciplines which 
deal either directly or tangentially with Ra may benefit from the findings from this study and 
continuing research by the present authors and others cited above. 
6. Conclusions 
• Celestine removes Ra from solution efficiently, but only in the absence of baryte and 
anglesite. 
• Baryte is an excellent Ra (and Pb) host and displays efficiency in both sulfate-free and 
sulfate-rich environments. 
• Anglesite shows the greatest potential for Ra removal through rapid CDR reactions but 
high concentrations of Pb (and likely 210Pb) re-enter the system and would need to be 
removed by a subsequent process. 
• Radium uptake seems to be enhanced in conjunction with another cation, likely due to 
ionic size compensations and kinetic considerations. 
• Radium removal from concentrate process streams may be affected by controlled 
exposure to an appropriate sulfate host mineral under specific conditions. 
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• Semi-quantitative information on Ra concentrations in solid materials can be readily 
achieved using LA-ICP-MS. 
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Chapter 9: Supplementary methodologies 
Upon commencement of this project, it was unclear exactly which instrumentation would be 
most beneficial and informative in the search for ultra-low concentration radionuclides. As a 
result some methods were tried and discounted, while others showed promising results and 
were earmarked for future development – but did not significantly contribute to the findings 
presented in Chapters 3 through 8. Four of these methods and preliminary results are included 
here since they represent potential avenues for future research to confirm and expand upon 
successful research outcomes presented elsewhere in this thesis. Moreover, undertaking each 
of them was critical to the overall thought process involved over the past three and a half years 
and contributed to the interpretations and conclusions reached. 
9.1 Focussed ion beam SEM 
Some analytical techniques involve extensive sample preparation; transmission electron 
microscopy requires sample foils <100 nm thick, and atom probe tomography only provides 
quality results for hemispherical needle tips with a ~100 nm diameter. Preparing samples of 
these dimensions can only efficiently be performed by focussed ion beam (FIB) technology. 
While intermediate sample preparation does constitute the majority of instrument usage, high-
resolution FIB cross-section imaging may also be considered an independent analytical 
technique in its own right. 
The FEI Helios Nanolab 600 dual beam focused ion beam scanning electron microscope 
(FIB-SEM) equipped with an EDAX system, located at Adelaide Microscopy, was used early 
in this Ph.D. project for preparation of TEM foils and nanoSIMS samples. The principle 
involves focussing a beam of ions (usually Ga but may also be Au, Ir, Xe, Ar, or He) at a 
sample which sputters atoms, ions, and electrons from the surface. The beam is only a few nm 
wide, and may be directed onto the sample with great precision. Secondary electrons or ions 
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may be detected and compiled for imaging surface features, analysing chemical compositions, 
or determining crystal orientations. The most useful aspect of FIB, however, was originally 
viewed as a detriment – its ability to remove material from the sample surface. High-precision 
milling may be performed on very specific regions of interest in a sample, for instance grain 
boundaries, micron-scale inclusions, crystal orientation boundaries, or reaction fronts 
(ThermoFisher Scientific 2019). At its simplest, milling may be used to create a trench, 
allowing the viewer to see a limited cross-section of the sample (Figure 9.1) but can also 
facilitate tomography to address 3-dimensional structures.  
 
Figure 9.1. BSE image of a cross-sectional trench of sample 0815_FC_08. The protective Pt strip 
runs horizontally through the centre of the image. The same grain is featured in Chapter 3, Figure 
2. Sericite (Ser); chalcocite (Cc); dolomite (Dol); baryte (Bar). 
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Trenches were milled in approximately two dozen grains from sample mounts 0815_FC and 
0815_CLD, revealing 3-dimensional features not obvious from surface exposure alone. One 
universal observation was that heterogeneity extends to the nanoscale in every sample.  
One advanced technique involves milling a thin slice (~2 µm thick) which may be removed 
from the sample and mounted on a suitable grid for further analyses (Figure 9.2). NanoSIMS 
analyses may be run on thicker slices (1-2 µm) whereas samples to be analysed by TEM require 
thinning to <100 nm. Alternatively, samples may be mounted on silicon supports and then 
shaped into a needle for atom probe tomography (Figure 9.4 a,b). 
 
Figure 9.2. BSE images of the TEM sample mounting procedure for sample 0815_FC_61. The 
sample is milled (a), welded to a needle (b), transferred from needle to Cu grid (c), and thinned 
(d). Galena (Gal); chalcopyrite (Cpy). 
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9.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) and high-angle annular dark field scanning 
transmission electron microscopy (HAADF STEM) were expected to play a major contribution 
in the search for RN distributions at the nanoscale, particularly to follow-up and further 
constrain nanoSIMS observations, or to be used to characterise thinned foils representative of 
specific features prior to nanoSIMS analysis. The premise was to use the atomic-scale 
resolution FEI Titan Themis 80-200 TEM installed in 2016 at Adelaide Microscopy (AM). 
This instrument, and particularly high Z-contrast imaging in HAADF STEM mode has proven 
extraordinarily valuable for characterisation of some components of the Olympic Dam ore and 
host rocks, for example REE-fluorocarbonates (Ciobanu et al., 2017),  Si-magnetite (Ciobanu 
et al., 2019), and zircons (Courtney-Davies et al., 2019), or for understanding geological 
processes after initial precipitation that have impacted on ore mineralogy and element 
distributions (e.g. Owen et al., 2018; Verdugo-Ihl et al., 2019). Routine use of HAADF STEM 
for this project ended up being supplanted by other instrumentation, but a number of samples 
were investigated by TEM early in the project.  
Roughly a dozen foils were prepared, one from OZ Minerals sample CUUCO1aGB (with 
Danielle Schmandt), and the remainder from BHP samples 0815_FC and 0815_CLD, using the 
FEI dualbeam focused ion beam scanning electron microscope (FIB-SEM) at AM. Selected 
samples were then imaged using either the FEI Tecnai G2 Spirit or Philips CM200 instruments 
at AM. In Figure 9.3, uraninite nanoparticles were observed within a uraniferous carbonate 
matrix, possibly rutherfordine (UO2CO3). Another sample revealed complex intergrowths of 
phases in the system Pb-Ag-Bi-Te-Se-S, verifying the extremely fine-grained nature of ores 




Figure 9.3. TEM image showing wispy nanoparticles of uraninite (Uran) in a carbonate (Carb) 
matrix with hematite (Hem), from sample CUUCO1aGB.  
TEM has proven, and continues to prove, invaluable for many aspects of nanoscale 
characterisation of Olympic Dam ores and concentrates, within and beyond the overarching 
ARC Research Hub for Australian Copper-Uranium. Potential applications of HAADF STEM 
methods currently being addressed on samples from Olympic Dam within the wider research 
group include the grain-scale remobilisation of U and Pb within zircon and hematite, and the 
implications this carries for reliable U-Pb zircon dating, documentation of nanoscale coupled 
dissolution-reprecipitation reactions in pyrite and their impact on the distribution of previous 
metals, and further work documenting polysomatism among REE-fluorcarbonates of the 
bastnäsite-synchysite group. 
9.3 Atom probe tomography 
Commercially developed in the 1990’s, atom probe tomography offers researchers a way to 
map the chemical or isotopic composition of a sample one atom at a time, in three dimensions. 
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APT provides specially-resolved chemical information in relation to specific nanoscale 
features of interest, such as the partitioning of elements or isotopes to a particular phase, grain 
boundary, or defect. Regions of interest can be targeted by preparation of needle-shaped 
specimens using a FIB-SEM. 
Small samples (~100 nm diameter hemisphere) on the tip of a silicon support are inserted 
into the instrument and the chamber is evacuated to ultra-high vacuum. The samples are 
cryogenically cooled, and a large voltage (3-15 kV) is applied to the sample to just below the 
point at which it starts to evaporate. A pulsed laser provides the energy necessary for 
evaporation of atoms from the surface layer, ideally one at a time, which are then detected by 
position sensitive time-of-flight spectrometry (PoS TOFS), also known as a position sensitive 
detector (PSD). PoS TOFS records not only the mass of the atom but also its original position 
in the sample. Digital reconstruction of the sample in three dimensions, for any selected 
elements of interest, reveals nanostructures not detectable by any other instrumentation (Miller, 
2012; Cameca, 2019). 
APT has provided many advances in geochemical research, including insight regarding the 
homogeneity – and therefore suitability – of trace element standards (Reddy et al., 2016; 
Piazolo et al., 2017) and geochronology samples (e.g., Parman et al., 2015; Peterman et al., 
2016). Mineral growth mechanisms may be determined by examining nanoinclusions and 
zoning patterns (e.g., Wu et al., 2019). Closely related to our research presented in Chapters 5 
and 8, nanostructural features of barite have been mapped, including ordered inclusions of 
NaCl and H2O (Weber et al., 2016).  
A preliminary trial of APT was undertaken at the Geoscience Atom Probe Facility, John de 
Laeter Centre, Curtin University, Perth, Western Australia, using the LEAP 4000X HR Atom 
Probe Microscope. APT also employs FIB-SEM for sample preparation (Figure 9.4 a), but 
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instead of a thin slice, the ideal final form is a thin cone mounted on a silicon pedestal (Figure 
9.4 b). Elemental concentrations down to ppm may be presented in 3-D format (Figure 9.4 c) 
and even displayed as rotating video.  
 
Figure 9.4. Atom probe tomography analysis of synthetic lead sulphate. Sample wedge milled 
from a grain using FIB-SEM, mounted on a silicon pedestal (a). Polished sample, ready for APT 
(b). Only the very tip will be analysed. Three-dimensional reconstruction of the data, with each 
point representing one atom recorded. Magenta represents Na, while yellow represents NO. 
Laminations can be seen alternating between Na and NO3-, likely formed during crystal growth.  
APT is the only method which offers 3-D reconstructions of elemental data at the nanoscale. 
The initial analysis run for this project was very informative and provided an avenue for 
examining, for example, the uptake of Ra into baryte by CDR mechanisms on the atomic level, 
or the nanoscale dissociation of RNs within certain minerals under varying conditions. 
Although limited to ppm concentrations, investigation of U, Th, and Pb in natural samples as 
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well as Ra and 210Pb (and potentially 210Po) in laboratory samples would greatly expand our 
understanding of RN deportment on the atomic level. Unfortunately, the trial run on APT 
coincided too closely with the conclusion of this Ph.D. to warrant further studies at the time. 
Future projects have been proposed, however, using APT to unravel complicated diffusion 
mechanisms in both natural and lab-grown samples. 
9.4 Electron backscatter diffraction 
Electron backscatter diffraction (EBSD) is a complementary method to SEM and EDS and is 
commonly installed on the same microanalytical platform. Although EBSD is capable of 
determining multiple structural features of a crystal such as strain or phase, it is frequently used 
to map and compare crystallographic orientations (Kikuchi, 1928). Metallurgists and material 
scientists regularly use EBSD to determine how alloys and new materials crystallise, and how 
various parameters such as temperature and pressure, as well as defects, impact on 
crystallisation (Schwartz et al., 2009 and references therein; Wilkinson and Britton, 2012 and 
references therein; Perks et al., 2018). Increasingly used in mineralogy despite difficulties in 
obtaining sufficiently perfect polish (Nowell et al., 2005; Prior et al., 2009), information such 
as crystal strain and orientation of intergrowths (symplectites, twinning, exsolution lamellae) 
can help decipher complex growth histories of minerals and mineral assemblages. At Olympic 
Dam, growth processes have been investigated and constrained for uraninite, especially early 
uraninite replacing bornite through CDR reactions (Macmillan et al., 2016a, 2016b). 
EBSD employs the principle of electrons escaping from a crystalline structure in a pattern 
determined by that structure. An electron beam is focussed on the sample, which is set ~70º off 
horizontal. A phosphor screen is placed horizontally in close proximity to the sample. Of the 
electrons entering the crystalline sample, a small number escape along low energy-derived 
paths determined by the atomic lattice of the crystal. Unique patterns are recorded on the 
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phosphor screen for each mineral, as well as the orientation of the crystal based on a Cartesian 
system.  
During nanoSIMS analyses of Cu-(Fe)-sulphides from Olympic Dam samples, a 
conspicuous trend was revealed within chalcopyrite and occasionally also in bornite. Grains of 
seemingly clean, homogeneous chalcopyrite were criss-crossed by very thin lamellae 
displaying relative enrichment in 206Pb. These lamellae did not correlate to any visible feature 
in or on the grain. Several alternative mechanisms were proposed for the inclusion of Pb in 
these grains either during or after crystallisation: Pb-rich solution flowed through the system 
during crystallisation of a chalcopyrite aggregate leaving a thin crust on existing crystal 
surfaces which later filled in; Pb-rich solution flowed through a single, clean chalcopyrite 
which had been fractured, followed by annealing; crystallisation of an aggregate from a Pb-
bearing Cu-Fe-S melt, with incompatible Pb migrating towards grain margins and exsolved as 
what appears as isolated lamellae during cooling. To determine the responsible mechanism, 
samples containing what appeared as single grains of chalcopyrite were mapped by EBSD on 
a FEI Inspect F50 instrument at the Microscopy Australia facility, Flinders University, 
Adelaide, Australia. The example in Figure 9.5 shows the clear correlation between the Pb 
lamellae (in a seemingly uniform chalcopyrite grain) and crystal orientation boundaries, 
suggesting that the larger chalcopyrite is actually an aggregate of smaller crystals which was 
exposed to Pb-rich solution at some point during crystallisation.  
While this information on crystal orientation may not seem to directly contribute to the 
overall objective of this project – the hunt for radionuclides in copper concentrates – it was 
extremely important in understanding how Pb could occur, seemingly “within” Cu-(Fe)-
sulphides yet is neither visible on high-resolution BSE images nor measurable by LA-ICP-MS 
outside of the crosscutting features. Such Pb represents a previously invisible sink for 
contamination in concentrates, and even if the concentration of Pb is very low, given that 
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chalcopyrite comprises 40-50 wt.% of the final concentrate, the potential for lead accumulation 
is significant and would readily explain why Pb has proven hard or impossible to remove by 
any physical or hydrometallurgical treatment. 
 
Figure 9.5. BSE, nanoSIMS compilation, and EBSD images of grain 10FC52 from Olympic 
Dam. Cpy = chalcopyrite, Cob = cobaltite. The 206Pb lines (magenta on the nanoSIMS image, 
grey stipple on the EBSD image) correlate exactly with non-linear crystal orientation boundaries. 
The linear boundaries represent twinning, which would not allow Pb incorporation. 
These observations also add to the general knowledge of hydrothermal processes within the 
Olympic Dam deposit at the time of initial precipitation and subsequent hydrothermal 
alteration. They carry implications for correct interpretation of Pb-isotope signatures and U-Pb 
dating of sulphides, and demonstrate, once again, that complementary techniques that can 
bridge scales of observation are necessary to correctly diagnose element distributions in 
Olympic Dam ores and concentrates.  
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Chapter 10: Summary, recommendations, and implications 
10.1 Radionuclide deportment 
10.1.1 Radionuclides in copper concentrates 
Radionuclides at Olympic Dam follow complex, varied pathways from underground ore 
extraction through processing to final commodity production and disposal of waste materials. 
Current hydrometallurgical processes reduce concentrations of all radionuclides from decay of 
238U, 235U, and 232Th to below limits set for chemical contaminants, but the activities of some 
isotopes in smelter feed – notably 210Pb and 210Po – remain above the objective radiological 
limits of 1 Bq/g per radioisotope (International Atomic Energy Agency, 2004). Research 
described in this thesis, particularly nanoSIMS isotope mapping, has provided the foundation 
for a qualitative RN budget, based on mineralogical hosting preferences. Although not yet fully 
quantifiable, a preliminary list of minerals occurring in ores and concentrates at Olympic Dam 
has been compiled, along with their potential for hosting specific RNs (Table 10.1). 
Table 20.1. Overview of RN host minerals present in ore/concentrate at Olympic Dam and their 
qualitative potential for hosting RNs. Enrichment levels represent total RN loads as determined 
by nanoSIMS. * % in the deposit (Ehrig et al., 2012). 
Mineral %* Float Concentrate Concentrate Leach 
Discharge 
Thorite 0.0023 high enrichment high enrichment 
U-Thorite 0.0028 high enrichment high enrichment 
Uraninite 0.0049 high enrichment high enrichment 
Brannerite 0.0119 high enrichment high enrichment 
Coffinite 0.0159 high enrichment high enrichment 
Xenotime 0.0045 high enrichment high enrichment 
Molybdenite 0.0015 high enrichment within cleavage 
planes, 210 and 226 
high enrichment within 
cleavage planes, 210 and 226 
Baryte 1.2252 high enrichment, 210 and 226 very high enrichment, 210 and 
226 
APS phases 0.1097 variable enrichment high enrichment 
Synchysite 0.0124 low enrichment low enrichment 
Monazite 0.0184 low enrichment low enrichment 
Florencite 0.066 no enrichment low enrichment 
Bastnäsite 0.0833 low enrichment low enrichment 
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Zircon 0.0549 low enrichment low enrichment 
Hematite ~30 low enrichment low enrichment 
Apatite 0.1029 low enrichment low enrichment 
Ilmenite 0.0447 low enrichment low enrichment 
Rutile 0.2411 low enrichment low enrichment 
slag  low enrichment low enrichment 
Chlorite group 1.324 low enrichment within cleavage 
planes 
low enrichment within 
cleavage planes 
Sericite 18.193 low enrichment within cleavage 
planes 
low enrichment within 
cleavage planes 
Anhydrite 0.0108 low enrichment, 210 and 226 unknown 
Galena 0.0012 no enrichment enrichment in alteration to 
PbSO4 
Covellite 0.0068 no enrichment high enrichment possible 
within cleavage planes 
NanoSIMS mapping revealed distinct trends in RN hosting capabilities among minerals in 
Olympic Dam ore. Generally, the list of RN hosts can be broken down into four categories: U 
and Th minerals; sulphates and phosphates; oxides; and surficial hosts.  
Not surprisingly, uranium and thorium minerals all host RNs to some extent. Uraninite 
almost always contained the entire decay chain, indicating both sufficient age to allow for 
ingrowth and just enough stability to resist fractionation due to partial solubility (e.g., Chapter 
6, Figure 6.1). Although uraninite is known to be quite soluble (Ram et al., 2013), it generally 
either dissolved entirely, or not at all due to complete encasement within another mineral. 
Coffinite usually contained the entire decay chain (e.g., Chapter 6, Figure 6.2) but was 
unpredictable, with consistent 238U but occasionally variable amounts of other RNs present. 
Brannerite seems to behave counterintuitively, frequently containing only U and occasionally 
230Th and 206Pb (Chapter 6, Figure 6.3); 226Ra and 210Pb were virtually never found in 
brannerite, either in FC or CLD material. 
Most sulphates and phosphates have also been determined to accumulate RNs, although not 
always the entire decay chain. Solubility is a major factor, as sulphates tend to host sulphate-
insoluble cations (Sr, Ba, Pb, Ra) whereas phosphates easily incorporate phosphate-insoluble 
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U and Th. Baryte (Chapter 6, Figure 6.8) and the woodhouseite-svanbergite series, referred to 
as aluminium phosphate-sulphate (APS) phases (Chapter 6, Figure 6.6) may contain significant 
Ra and 210Pb. Anglesite is not found in the Olympic Dam deposit, but is formed during the 
sulphuric acid leach stage (Chapter 6, Figure 6.9), and is also enriched in 226Ra, 210Pb, and 206Pb 
(relative to total Pb). Simple phosphates and APS phases tend to accumulate U and Th during 
formation (e.g., monazite is frequently up to 1 wt.% U and 3-12 wt.% ThO2; Palache et al., 
1951), and subsequent ingrowth of daughters results in the entire chain being present (Chapter 
6, Figure 6.5). Apatite (Chapter 7, Figure 7.2) and florencite have also shown low RN 
enrichment in some samples. 
Additional host minerals include zircon (Chapter 7, Figure 7.5) and some simple oxides: 
hematite, rutile, and ilmenite – all known as potential RN hosts (e.g., Davis et al., 2003 and 
references therein; Vandenborre et al., 2007; Radhamani et al., 2010; Ciobanu et al., 2013). 
Although all low enrichment hosts, zircon, ilmenite, rutile, (and ilmenorutile) essentially 
survive the acid leach intact, so any included RNs will report to final concentrates. Hematite is 
greatly reduced through flotation and acid leaching but 5 wt.% may still remain in final 
concentrates, representing a potentially significant RN sink (Chapter 7, Figure 7.6b).  
Host minerals in the final category share a structural similarity as opposed to a chemical 
one. The surface area of minerals may increase due to fracturing from stress or shear, either in 
the deposit or during processing, or from micaceous cleavage. High surface area minerals 
consistently contain RNs, with more electronegative minerals (sulphides) and acid leached 
material showing the highest enrichment. Primary molybdenite and covellite, and covellite 
formed during acid leaching through metathesis reactions all host significant amounts of RNs 
– but usually only 226Ra and 210Pb.  
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Copper sulphides may not only host RNs within cleavage planes and fractures, and on 
charge-imbalanced surfaces, they can also contain trace amounts of U and Pb within seemingly 
solid grains. Chapter 7, Figures 7.12 and 7.13 detail the inclusion of thin lamellae of 
(predominantly) 206Pb hosted within chalcopyrite, and rarely bornite, from both FC and CLD 
samples. This unexpected sink for Pb, caused by partial deposition of Pb during chalcopyrite 
formation and recrystallisation, complicates our ability to create a budget for Pbtotal or 
210Pb. 
The surface adhesion of nanoparticles to, and the inclusion of trace Pb within, 
chalcopyrite/bornite grains also adds greatly to our uncertainty regarding RN deportment – 
especially in copper concentrate which is >50 wt.% copper sulphides. 
10.1.2 The effect of processing 
The information provided by different sample types, and the differences between types, allow 
a greater understanding of the geochemistry occurring in the Olympic Dam deposit and 
processing stream. Diamond drill core samples show a glimpse of the deposit unaffected by 
processing. Flotation concentrate samples have undergone Cu upgrading and milling, which 
tends to increase surface areas due to fracturing and cleavage but are still mineralogically 
representative of the ore deposit. Concentrate leach discharge samples are the most distinct, 
with a partial restructuring of mineralogy, including formation of covellite and anglesite, as 
well as trace element/isotope distribution. The primary results from this thesis regarding natural 
and chemically processed samples from Olympic Dam, as well as controlled lab experiments 
with mineral analogues, have provided not only a deeper understanding of deposit formation 
but also revealed detailed pathways of trace element and isotope deportment occurring at the 
nanoscale during copper concentrate processing.  
The distinct differences in RN deportment between FC and CLD (for certain minerals) 
highlighted above emphasise the effect that the sulphuric acid leach has on this system. 
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Significant separation of parent and daughter RNs explains the measured secular 
disequilibrium. In drill core samples (i.e., within the deposit) and in FC samples, the majority 
of all RNs tend to reside with, or in the near vicinity of, parent U-bearing minerals – the 
exception being baryte which may or may not be locally enriched in 226Ra and 210Pb. Similarly, 
minerals which are known to host U and especially Th (e.g., xenotime or apatite) may contain 
significant amounts of the entire 238U decay chain. Trace amounts of some RNs, particularly 
the sulphate-insoluble ones (226Ra and 210Pb), may be found in high surface area minerals such 
as chlorite, sericite, or molybdenite – but usually only within a few microns of the respective 
U-source mineral.  
In contrast, acid-leached concentrate contains only very low concentrations of U- or Th-
bearing minerals, most (all except the tiniest inclusions in sulphides and possibly some 
brannerite) having been dissolved and removed along with the carbonates, fluorite, some REE 
minerals, and some iron oxides. The remaining uranium minerals (primarily brannerite, some 
coffinite) do contain members of the 238U decay chain, but, as shown in Chapter 4, not 
necessarily all members of the series.  
One enigma revealed by nanoSIMS mapping was that almost all brannerite grains mapped 
showed only U and Th, or U, Th, and 206Pb, with the remainder of the decay chain absent. 
There are a few possible mechanisms which may explain this observation. 1) It may be the 
result of partial dissolution resulting from some members of the decay chain not easily being 
accommodated by the brannerite crystal structure, and their expulsion facilitated by extensive 
fracturing. The brannerite structure is considered to be chemically flexible with regard to the 
U site, easily incorporating Th and Pb (Bailey et al., 2016) but not necessarily Ra or Rn. 
Fracturing due to alpha decay and subsequent fluid activity has been observed (Lumpkin et al., 
2012). However, brannerite is almost always metamict (Smith, 1984) and amorphous (Zhang 
et al., 2006), the flexibility of which should actually facilitate retention of almost any element, 
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regardless of characteristics. 2) Youth, with abundant U ± 206Pb crystallising in new brannerite 
without sufficient time for daughter ingrowth. This is possible, but unlikely, as a measurable 
amount of 230Th should ingrow within decades, and 226Ra within a millennium or so. 3) The 
most likely scenario involves brannerite formation by alteration and replacement of existing 
rutile (Macmillan et al., 2017), whereby rutile in contact with RN-bearing fluids will 
incorporate U and small amounts of Th and Pb (if available), likely through CDR mechanisms, 
but not Ra. Even if 210Pb is incorporated along with 206Pb it will decay out in a matter of decades 
if 226Ra is not present, explaining its absence. Since (VI) coordinated U4+ has a crystal radius 
(CR) of 1.03 Å, (Th4+: 1.08 Å, Ca2+: 1.14 Å, Pb4+: 0.92 Å, and Ce4+: 1.01 Å) but Ra2+ has an 
estimated CR of 1.51 Å (all radii from Shannon, 1976), it may simply be a matter of size. 
Kinetics allows substitution of U, Ca, Pb, Th, and REE into the rutile structure, but oversized 
Ra2+ is unstable. 
Baryte and other sulphate minerals (e.g., APS phases) mostly contained significant amounts 
of 226Ra and 210Pb, in all sample types, but frequently no other RNs. Moreover, some grains 
exhibited signs of RN uptake in progress, with porous, heavily substituted reaction rims 
containing RNs, surrounding a barren core. The baryte in Chapter 6, Figure 6.8 is heavily 
included and contains appreciable 226Ra and 210Pb, but a closer look reveals less-included, 
lower-RN-enrichment zones in the centre of the two baryte lobes. RN-bearing fluids passing 
through the surrounding sericite has likely altered the baryte rim, leaving the core as yet 
unaffected. The presence of significant RNs in baryte from drill core samples verifies that at 
least one mechanism of RN mobilisation and uptake is occurring in the deposit. Pristine baryte 
can be found, however, as shown in Chapter 6, Figure 6.7. A subhedral grain of baryte 
containing no RNs is cemented to a euhedral chalcopyrite by secondary baryte which is 
enriched in 226Ra and 210Pb. Early stages of RN encroachment into the pristine baryte can be 
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seen around the edges. The coincidental enrichment of Sr in the secondary baryte suggests 
CDR replacement with correlative uptake of Ra and Pb. 
Anglesite (PbSO4) is not found in the deposit but does constitute a small percentage of CLD 
material. During acid leaching, radiogenic Pb liberated from dissolving U and U-bearing 
minerals precipitates immediately as an insoluble sulphate – most likely as nanoparticles. In 
cases of high Pb liberation, anglesite aggregates (or nanoparticulate agglomerates) may form 
in situ, replacing the departing uranium mineral as a pseudomorph. One nanoSIMS map from 
Chapter 6, Figure 6.9 (Figure 10.1) Shows 206Pb uptake in anglesite replacing a uranium phase. 
Note that the highest enrichment of 206Pb is not in the galena (a pure Pb phase) but is in fact in 
the alteration zones immediately surrounding the galena. This suggests that the primary galena 
formed from a lower 206Pb solution (e.g., global abundance, which is only ~24 % 206Pb; 
Rumble, 2017) whereas the alteration zone was affected by high 206Pb solution – as would be 
expected from the dissolution of a U phase. 
 
Figure 50.1. BSE and 206Pb nanoSIMS image of grain 10CLD61. 206Pb is enriched in alteration 
zones around the existing galena. 
These replacements were all quite enriched in both 226Ra and 210Pb, likely the result of a 
combination of trapping through rapid precipitation and coupled dissolution-reprecipitation 
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mechanisms (Ruiz-Agudo et al., 2014) occurring at the nanoscale (Figure 10.2; Chapter 6, 
Figure 6.9). 
 
Figure 10.2. Schematic example of coupled dissolution-reprecipitation. (a): Crystal ASO4 (blue) 
comes in contact with an H2SO4 solution (yellow) containing dissolved B2+ and a complexing 
agent such as Cl-. (b) through (e): As the reaction progresses, ASO4 irregularly dissolves while 
the hybrid (A,B)SO4 (green) crystallises on nearby surfaces. (f): Eventually, ASO4 is entirely 
replaced by (A,B)SO4 while maintaining roughly the same crystal morphology, albeit exhibiting 
excessive porosity, and B2+ is depleted in the solution. 
Appreciable concentrations of sulphate-insoluble RNs were observed in virtually all 
covellite and molybdenite from CLD samples. Covellite is rare in the deposit but may represent 
a few wt.% of CLD, having been created during the acid leach through metathesis reactions 
(Byrne et al., 2018). RN-bearing nanoparticles created in the leach tank may agglomerate 
immediately in the vicinity of formation (e.g., anglesite) or may be transported elsewhere. It is 
likely that the high surface area of covellite and molybdenite due to their planar, micaceous 
cleavage provides an ideal trap for filtering nanoparticulates out of passing fluids. Having been 
milled, the primary molybdenite and covellite would likely be friable due to shear and may 
have extremely high surface exposure. Secondary covellite may trap RN nanoparticles during 
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its formation and/or filter them out of solution afterwards. Furthermore, low but detectable 
concentrations could also be seen in other platy minerals with high surface area such as sericite 
and chlorite. These minerals appear to host RNs within their boundaries (as opposed to their 
outer surfaces), but it is unlikely that Ra is actually being incorporated into the crystal 
structures. As for brannerite’s missing 226Ra (and ingrown 210Pb), assuming it had not already 
precipitated elsewhere, one possible explanation for this is the nearly universal pairing of 
brannerite and molybdenite. The high surface area cleavage planes of molybdenite would 
provide an excellent local trap for Ra- and Pb-sulphates, resulting in the entire 238U decay chain 
being hosted in the brannerite-molybdenite pair (Chapter 4, Figure 12, sample 10FC48). 
A phenomenon which was consistently observed in the CLD samples but was never 
encountered in any FC samples was surficial accumulation of RNs, particularly 226Ra and 210Pb. 
In this instance, the ‘surface’ referred to is limited to outer grain surfaces and does not include 
internal cleavage planes. The aforementioned Pb- and Ra-bearing nanoparticles, precipitated 
from liberated RNs in the sulphuric acid leach solution, may remain in colloidal suspension 
and transported if conditions allow. The low-pH conditions may cause surficial charge 
imbalances, especially on sulphides, which may then attract colloidal nanoparticles like an 
electrostatic filter (Bebie et al., 1998; Mikhlin and Romanchenko, 2007; Alonso et al., 2009). 
This electrostatic effect may also enhance the uptake within cleavage planes in molybdenite 
and covellite. Very low concentrations were also observed covering surfaces of almost all 
mineral types susceptible to surface charge (Figure 10.3). The only notable exception was inert 
quartz.  
RN-bearing nanoparticles, both organic and inorganic, have been documented in geologic 
formations (Schäfer et al., 2012) and are responsible for at least some of the redistribution of 
RNs throughout the deposit. The actions of milling the ore and subsequent leaching with 
sulphuric acid seems to greatly exacerbate RN mobility. These phenomena, especially in an 
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acid-leached sulphide concentrate particularly susceptible to surface charge, greatly complicate 
any attempts to quantify RN deportment. These findings emphasise the importance of applying 
a holistic approach, as unexpected results have altered our overall perception of this issue. 
 
Figure 10.3. BSE and nanoSIMS images of grain 05CLD21, apatite (Apa) in pyrite (Py) with 
small zones of chalcopyrite (Cpy). Note the surface enrichment for sulphate-insoluble elements 
(Ca, Sr, Ba, Pb, and Ra) but not for sulphate-soluble elements (Fe, Cu, Nd, Th, and U). 
10.1.3 Radionuclides in synthetic minerals 
Diffusion experiments conducted on pure Sr, Ba, and Pb sulphates, followed by semi-
quantitative LA-ICP-MS transects, revealed that multiple mechanisms are responsible for RN 
incorporation. Celestite (SrSO4), baryte (BaSO4), and anglesite (PbSO4) are all capable of 
incorporating Ra, but not equally. Celestite may incorporate significant amounts of Ra, but 
only if Ba and Pb are absent. Baryte predominantly accumulates Ra through Ra-bearing 
overgrowth of (Pb,Ba,Sr)SO4 on its surface. Anglesite is susceptible to coupled dissolution-
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reprecipitation (CDR) which incorporates available Ra in the reprecipitation phase, but releases 
a large amount of Pb into solution. Generally, high chloride activity enhances these 
mechanisms, while high sulphate activity inhibits them. Diffusion of Ra2+ into the respective 
sulphate crystal structures is omnipresent but appears to be of minimal consequence compared 
to larger-scale overgrowth and CDR reactions.  
10.2 Implications for generation of cleaner concentrates 
Results detailed above have provided a detailed diagnosis of RN distributions, confirmed 
several predicted hosts, identified several that were less expected, and documented RN 
behaviour explaining the differences in RN activities between FC and CLD in both natural and 
synthetic samples. Based on this knowledge, it may seem a relatively simple 
hydrometallurgical task to reduce each radionuclide below 1 Bq/g(concentrate), but this is 
deceptive when considering that 1 Bq/g of 238U represents a very manageable 80 ppm, while 1 
Bq/g of 210Pb is 400 parts-per-quadrillion (ppq; 1x10-15) and 1 Bq/g of 210Po is only around 6 
ppq. Even if Po concentrations are reduced to one ten-billionth of that of U, it will still remain 
above the target activity. When considering this, it is actually impressive that current 
processing techniques employed at Olympic Dam produce concentrates which are generally 
only 1-2 orders of magnitude above desired levels (Hondros, 2014). 
 The key to reducing these levels further lies in the targeted removal, or at least reduction, 
of specific minerals which have the greatest potential as an RN sink. It is likely, however, that 
there will be different mineral targets for different RNs, but that some overlap exists which 
may be utilised. 
Results from both nanoSIMS mapping of copper concentrates and LA-ICP-MS analyses of 
synthetic minerals suggest that sulphate activity is a primary driving force for RN sequestration 
(at least for 210Pb and 226Ra). Since both Pb and Ra form insoluble sulphates (as Po is predicted 
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to do; Figgins, 1961; Ram et al., 2019 and references within) it makes sense for process 
engineers to investigate using this chemical correlation to their advantage. Uranium and Th 
levels in smelter feed (or final concentrates) are already quite low (Hondros, 2014) and can be 
brought close to or below the 1 Bq/g limit with little additional effort (Fu, 2019). This leaves 
sulphate manipulation as the most likely avenue for reduction of the remaining RNs.  
 
Figure 10.4. Proposal for passive RN removal system, to be spliced into a slurry transfer line. 
Switching system allows for cartridge replacement. Slurry thickness and BaSO4 matrix size (i.e. 
pebbles or cobbles) would have to be adjusted to prevent clogging. Alternatively, the system 
could be mounted upright for gravity assist. Heating/cooling coils could be added to cartridges 
as appropriate. *Ag (or another suitable metal) could be added for removal of Po, Au, and 
platinum group elements, then processed for Au recovery and Po disposal. 
Theoretical implementation on a processing plant scale might involve adding a reservoir of 
crystalline sulphate into the sulphuric acid leach tank or creating a filter cartridge arrangement 
which may be spliced into one of the slurry transfer lines. The optimal sulphate would probably 
be baryte, but a simple series of lab experiments should be able to determine the most effective 
candidate, whether it be a pure sulphate or a hybrid. A more complex mineral such as an APS 
phase (Owen et al., 2019) may be the ideal solution, containing both Ra- and Pb-scrubbing 
sulphate and U- and Th-scrubbing phosphate. Pure SrSO4 would be ineffective for Ra removal 
in the presence of Ba and Pb, as shown in Chapter 8, Figure 8.4. CDR reactions induced in 
PbSO4 have the potential for significant removal of Ra, but at the cost of introducing a 
significant amount of Pb back into the concentrate (likely including 210Pb) as seen in Chapter 
8, Figure 8.8a. Overgrowth of (Pb, Sr, Ba, Ra)SO4 on baryte, however, works in both high and 
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low sulphate activity and high and low pH. Slight modifications to temperature, sulphate 
activity, or pH may improve efficacy, based on results from lab tests. Figure 10.4 shows a 
schematic of a possible Ra (and potentially Po) trap. 
10.3 Implications for the evolution and development of Olympic 
Dam 
NanoSIMS mapping of diamond drill core and flotation concentrate samples from Olympic 
Dam has provided a window into geochemical processes at work in the deposit, revealing 
information about ore formation and subsequent alteration due to local and regional geologic 
events. Hydrothermal alteration at Olympic Dam is well-established, albeit not entirely 
understood (e.g., Maas et al., 2011; Ehrig et al., 2012; Kirchenbaur et al., 2016; Apukhtina et 
al., 2017).  
The BSE image of chalcopyrite, quartz, fluorite, galena, and hematite in sphalerite presented 
in Chapter 7, Figure 7.9 shows partial porosity – a clear textural indicator of hydrothermal 
activity. The nanoSIMS images augment this by showing sporadic enrichment of Ba, Ra, and 
210Pb in porous regions, with no enrichment in non-porous areas. From this we can deduce: 1) 
fluid activity has affected this sample; 2) alteration was likely minor, as only part of the 
chalcopyrite is affected and there are no classic replacement textures (other than porosity) or 
reaction rims visible; 3) chemical susceptibility to the particular fluid chemistry involved is 
sphalerite>chalcopyrite>fluorite, hematite, quartz; 4) intervening fluids contained at least Ba 
and Ra, the 210Pb may be the result of ingrowth; 5) No 230Th, 238U, or 206Pb was observed in the 
sample, except for the small galena inclusions, and were therefore either absent from the fluid 
or were not induced to precipitate; 6) conditions were appropriate for Ba precipitation in both 
sphalerite and chalcopyrite, but Ra precipitation only in chalcopyrite; and 7) 210Pb and 206Pb 
are driven by different mechanisms, given their complete dissociation. This highlights just one 
 234 
example of the potential for unravelling geochemical conditions and complex histories of the 
ore prior to extraction, based on nanoSIMS mapping.  
A second example providing evidence of the hydrothermal history of Olympic Dam is 
shown in Chapter 6, Figure 6.8. Ra-bearing fluid has clearly contacted a baryte grain, 
depositing a significant Ra load through what was likely a coupled dissolution-reprecipitation 
reaction. 210Pb may have been incorporated in the same manner, but the current concentration 
in the grain is most likely from ingrowth. 
These examples underline the complexity of the deposit, and the caution which must be 
exercised when interpreting what are effectively microscale bulk analyses from LA-ICP-MS, 
EPMA, TIMS, and similar instrumentation – without due attention to characterisation using 
techniques with appropriate sub-micron resolution. Geochronometric measurements, for 
example, commonly include a qualification to account for the inherent heterogeneity not only 
within the ore, but also within individual mineral grains (Courtney-Davies et al., 2019).  
10.4 Broader applicability of findings 
The hunt for radionuclides in Olympic Dam ore and copper concentrates may seem 
specialised, but the research output has much broader applications. The ability of nanoSIMS to 
map spatial distributions of not only RNs (Chapters 3, 6, and 7) but also trace elements (Chapter 
4), may be applied to any number of research questions. In situ geoscience analytics are still 
dominated by ion microprobes such as the Australian Scientific Instruments sensitive high-
resolution ion microprobe (SHRIMP and SHRIMP II) and CAMECA IMS 1280 microprobe 
(Kilburn and Wacey, 2014). The majority of nanoSIMS time, at least for the CAMECA 50 and 
50L at CMCA in Perth, is spent on materials science and biological sciences (Paul Guagliardo, 
pers. comm.). But the advantages of nanoSIMS (e.g., spatial resolution, mass resolution, or 
sensitivity) over other methods are slowly being embraced by researchers investigating 
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geochemical reactions at the nanoscale; it is particularly well-suited to investigate mineral 
alteration, nanoinclusions, crystal formation, and trace element distributions. The results 
presented in the chapters above not only support this practice, but also strongly emphasise the 
importance of nanoSIMS data as complements to other techniques such as EPMA, TEM, ICP-
MS, and APT.  
Regardless of the analytical method used, monitoring RN deportment at ever-decreasing 
scales is a crucial facet of many disciplines beyond the mining industry. Natural radionuclides 
are ubiquitous in the environment (Kathren, 1998; Ram et al., 2019); both natural and 
anthropogenic RNs are having an increasingly widespread influence on industry (e.g., Crockett 
et al., 2003; Ram et al., 2019), technology (e.g., Emrich Jr., 2016), medicine (e.g., Kendi et al., 
2017), and research (e.g., L’Annunziata, 1987; Quinto et al., 2017) – either as an active 
component or as a waste product. The diffusion experiments presented in Chapters 5 and 8 
could be expanded upon to provide a broader understanding of RN interactions with soils, 
sediment, clays, construction materials, nuclear storage containment materials, etc., and the 
nanoSIMS would be indispensable for characterisation. 
The incidents at Three Mile Island, Chernobyl, and Fukushima Daiichi, as well as the recent 
mysterious rocket explosion off Russia’s north-west coast (and the associated spike in 
radioactive iodine) all provide sobering significance to the concept that even the most careful 
planning and execution may not prevent an accidental release of RNs into the environment. 
And the threat of intentional release should not be discounted. “Scientia potentia est”, a quote 
often ascribed to Sir Francis Bacon, is a simple but potent concept which applies here, as our 
best efforts to monitor and control the interaction between radioactive elements and the 
biosphere hinge upon our intimate understanding of these interactions down to the atomic level. 
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10.5 Research gaps and potential future projects  
Although the research documented in this thesis allowed significant progress in understanding 
RN distributions, several aspects of the work emerged that demand attention in the future to 
further constrain RN deportment, feed into continuing efforts to eliminate or reduce 
contaminants, and explain some of the more unexpected outcomes documented above. The 
following paragraphs are not intended to be a comprehensive overview of all outstanding 
research gaps, but include several of the primary avenues which deserve investigation – given 
the time and resources to do so. 
The diffusion experiments presented in Chapters 5 and 8 were successful and provided 
understanding of Ra and Pb deportment in sulphates at the nanoscale. Similar experiments with 
other radionuclides (e.g., Th, Po) and other minerals (natural or synthetic) may also prove 
fruitful. Procedures would involve acquiring or making purified RN solutions, exposing a 
variety of appropriate natural and synthetic minerals to each RN solution under variable 
conditions, and analysing the results by SEM, nanoSIMS, LA-ICP-MS, and possibly TEM or 
APT. The benefits of expanding these experiments would extend beyond Olympic Dam and 
the mining industry in general, as it would complement the existing omnibus of information 
regarding the interaction between RNs and all natural and anthropogenic media including soil, 
sediment, flora and fauna (including foodstuffs), building materials, nuclear storage materials, 
industrial equipment, and ultimately humans.  
As a complement to nanoSIMS analyses, atom probe tomography would literally add an 
extra dimension to our understanding of nanoscale mechanisms such as coupled dissolution-
reprecipitation and solid-state diffusion. The ability to observe elemental and isotopic 
distributions at grain boundaries, reaction fronts, and in nanoinclusions at the atomic level – in 
three dimensions – would prove invaluable for research of this nature. A brief overview of the 
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benefits of, and research breakthroughs resulting from, APT is presented in Chapter 9, section 
9.3. Investigation of natural minerals could easily be supplemented by results from diffusion 
experiments utilising synthetic mineral analogues, as proposed above.  
Future analyses of RNs in any materials will be far more valuable given the ability to 
quantify the results. Few 226Ra and/or 210Pb standards are currently available, and those that are 
such as IAEA 385 sediment, IAEA 375 soil, IAEA-RGU-1 uranium ore (International Atomic 
Energy Agency, 2019), and the CANMET uranium ore standards BL-5, DL-1a, BL-4a, and 
DH-1a (Natural Resources Canada, 2019) are all provided as finely ground powders, suitable 
only for bulk analyses. With no assurances of homogeneity at the micron scale, virtually none 
of the available standards are appropriate for our proposed techniques. The location (or 
creation) and calibration of solid standards containing all members of the 238U decay chain 
would prove greatly beneficial for nanoSIMS, APT, LA-ICP-MS, solution ICP-MS, EPMA, 
TIMS, TEM, and possibly other analytical platforms. Not all RNs would exist at concentrations 
measurable by all instruments, so limitations would have to be established. The MR_Uran 
standard was created with this in mind, and initial results (Chapter 8) have proven very 
promising. If successful, similar standards for the 235U and 232Th decay chains may also be 
created and calibrated. 
As an extension of RN quantification, there also exists potential for quantifying at least 
minor, if not trace, elements in minerals by nanoSIMS. Quantification of trace elements with 
SIMS has been proven in solids with consistent chemical compositions (Wilson and Novak, 
1991; Ganeev et al., 2016). Initial experiments with minerals have provided promising results 
(see Chapter 3), comparing nanoSIMS signal intensities to calibrated LA-ICP-MS 
concentration data. Although not suitable for every element in every matrix (mineral), an initial 
database of relative sensitivity factors (RSFs) for common elements in a selection of prevalent 
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rock- and ore-forming minerals would be an excellent start. The Tate Mineral Standard was 
created with this in mind, therefore this project could proceed directly to the analytical stage.  
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Table 11.1. Drill core samples collected from Olympic Dam. Information in italics was provided 
by BHP Olympic Dam before sample collection. 
Sample # Drill hole Site Depth(m) Mineralogy Features 
MR01 RD2786A OD 2290 qz, bast, hem, 
ser, mon, bran, 
zir, Mn-dol 
High magnetic susc., Cu, Au, 
Ag, Al, Te. Small patch of Cu-
mineralised red-black qz/hem 
in massive grey hem. 
MR02 RD2786A OD 2040 qz, hem, cpy, 
ser, mon, apa, 
flu, bar 
High magnetic susc., Au, Al, 
Mo. Red-grey qz/hem breccia 
bordering red-black qz/hm 
breccia. 
MR03 RD2786A OD 1950 qz, cpy, py, flu, 
hem, uran, 
moly, sch, bran, 
syn 
High magnetic susc., Cu, Au, 
Ag, As, Mo, Te, Bi. Cu-
mineralised vein through 
banded red-grey hem matrix. 
MR04 RD2786A OD 1788 hem, qz, ser, 
bar, cpy, dol, 
sch 
High magnetic susc., Cu, Au, 
Ag, As, Mo, Te. Reddish-grey 
qz/hem breccia, low visible 
Cu-mineralisation. 
MR05 RD2316 OD 569 qz, ser, py, cpy, 
hem, syn, apa, 
bast, cls, gal, 
moly, Au 
Cu + Mo mineralisation 550-
700m, Cu-mineralised black 
Qz/Hm breccia. 
MR06 RD2316 OD 587 qz, py, cpy, ser, 
bar, bast, apa, 
bran 
Cu + Mo mineralisation 550-
700m. Py/Cpy in black Hm 
matrix, bordering red qz/hem 
breccia. 
MR07 RD2316 OD 668 qz, ser, py, cpy, 
syn, uran, coff 
Cu + Mo mineralisation 550-
700m. Zone between large-
grained Cu-mineralised vein 
and finer-grained Cu-
mineralised qz/hem breccia. 
MR08 RD2316 OD 660 qz, dol, ser, 
hem, py, cpy, 
syn, gal, mon, 
uran, flu, coff 
Cu + Mo mineralisation 550-
700m. Cm-size cpy/py 




OD 63 py, cpy, bran, 
bar, Mn-dol, 
hem 
Massive py with cpy and hem 
inclusions. 
MR10 RD3554 OD 988 qz, cpy, ser, 
bast, py, bar, U-
thor, Au, dol, 
gal, hess mon, 
moly, mel 
High magnetic susc., U3O8, 
carbonate. Cm-size cpy/py 
crystallisation in reddish-grey 
qz/hem/ser matrix. 
MR11 RD3554 OD 540 qz, hem, sph, 
bast, cpy, cc, 
High magnetic susc., Zn, 
U3O8, carbonate. Reddish-
grey qz/hem/ser breccia, 
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bar, dol, gal, 
coff, flu, uran 
many visible spots of Cu-
mineralisation. 
MR12 WRD33 Wirrda 
Well 
1600 qz, mag, chl, 
hem, ser, py, 
mon, apa, zir, 
cpy, bran, rut 
Contact zone between Cu-
mineralised vein and 
seemingly barren qz/mag/chl 
matrix. 
MR13 ACD7 Acropolis 707 hem, cpy, py, 
mon, xen, apa, 
fnc, gal, thor 
Visible Cu mineralisation, 
alteration haloes and other 
evidence of hydrothermal 
influence. 
MR14 RD2366 OD 823 qz, hem, cpy, 
ser, flu, bar 
High magnetic susc., P, Cu. 
Visible Cu-mineralisation in 
red/black qz-hem breccia. 
MR15 IDD09 Island 
Dam 
585  Sample missing or not 
received. 
MR16A RD2765 OD 712 hem, dol, Mn-
dol, cal, flu, bar 
Samples A and B cover the 
entire width of a purple/white 
fluorite vein, including its 
contact with black qz/hem 
host rock. 
MR16B RD2765 OD 712 hem, dol, Mn-
dol, cal, flu, bar 
See above. 
MR16C RD2765 OD 712 hem, dol, Mn-
dol, cal, flu, bar 
See above. 
Abbreviations: apa-apatite; bar-baryte; bast-bastnäsite; bran-brannerite; cal-calcite; cc-chalcocite; 
chl-chlorite; cls-clausthalite; coff-coffinite; cpy-chalcopyrite; dol-dolomite; flu-fluorite; fnc-
florencite; gal-galena; hem-hematite; hess-hessite; mag-magnetite; mel-melonite; moly-molybdenite; 
mon-monazite; py-pyrite; qz-quartz; rut-rutile; sch-scheelite; ser-sericite; sph-sphalerite; syn-
synchysite; thor-thorite; uran-uraninite; xen-xenotime; zir-zircon. 
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Figure 11.1. Optical microscope reflected light image of flotation feed, mounted in epoxy resin. 
Mineral abundances are provided, as are a few mineral identifications. Remaining minerals are 
various shades of grey and are difficult to identify in reflected light. 




Figure 11.2. Optical microscope reflected light image of flotation concentrate, mounted in epoxy 
resin. Mineral abundances are provided, as are a few mineral identifications. Remaining minerals 
are various shades of grey and are difficult to identify in reflected light. 
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Figure 11.3. Optical microscope reflected light image of concentrate leach discharge, mounted 
in epoxy resin. Mineral abundances are provided, as are a few mineral identifications. Remaining 
minerals are various shades of grey and are difficult to identify in reflected light. 




Figure 11.4. Optical microscope reflected light image of flotation tailings, mounted in epoxy 
resin. Mineral abundances are provided, as are a few mineral identifications. Most minerals are 
various shades of grey and are difficult to identify in reflected light. 
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Figure 11.5. Optical microscope reflected light image of tailings leach discharge, mounted in 
epoxy resin. Mineral abundances are provided, as are a few mineral identifications. Most 
minerals are various shades of grey and are difficult to identify in reflected light. 
Table 11.2. Mineral information for the Tate Museum Standard. 
Mineral # Location notes 
Galena 1 Wallaroo, SA  
Sphalerite 2 Elmwood mine, Tenn., USA  
Bornite 3 Moonta, SA  
Chalcopyrite 4 Wallaroo, SA  
Argentian tetrahedrite 5 Austria 9 % Ag 
Tennantite 6 Kalgoorlie, WA Hm inclusion 
Chalcocite 7 Anaconda mine, MT, USA  
Bismuthinite, Baksanite 8 Mt Freeling, SA Var. Bi phases 
Pyrite, Rhodonite 9 Broken Hill, NSW  
Molybdenite 10 Surprise mine, Dundee, NSW  
Hematite 11 Moculta, SA  
Spinel 12 Mittagong, NSW  
Rutile 13 South Australia  
Magnetite 14 Unk. Qz incl. 
Ilmenite 15 Mt. Pleasant, SA  
Fergusonite 16 Naegi district, Japan Contains U 
Euxenite 17 Støledalen, Norway Var. w/coff., thor 
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Siderite 18 Broken Hill, NSW  
Witherite 19 Northumberland, UK Var. Sr 
Strontianite 20 Westphalia, Germany Sr:Ca = 6:1 
Cerussite 21 Broken Hill, NSW  
Celestite 22 Put-In Bay, OH, USA  
Baryte 23 Heath Cote, Vic.  
Anglesite 24 Broken Hill, NSW  
Anhydrite 25 Mound House, NV, USA Calcite incl. 
Monazite 26 Torrington, NSW Small zircons 
Apatite 27 Renfrew county, Ont., Canada  
Synchysite 28 Narssarssuk, Greenland Variable comp. 
Bastnäsite 29 Ampangabe, Madagascar  
Zircon 30 South Africa Contains Nb 
Thorianite 31 Alaska, USA Th:U = 3:1 
Monazite sand top Battia, Brazil 1-2% Th 
 
Table 11.3. Mineral composition of selected concentrate samples, +53 µm size fraction, in ppm. 
Mineral Liberation Analysis data provided by BHP. 
 
0815_FC 0815_CLD 1216_FC 1216_CLD 1217_FC 1217_CLD 
Al hydroxide 0 0 1 0 0 0 
Albite 1 1 18 69 0 25 
Altaite 0 0 1 0 0 0 
Anhydrite 14 17 52 6 62 12 
Ankerite 127 0 15 4 194 0 
Apatite 242 5 446 7 295 7 
Barite  1460 1404 1959 3031 3013 4202 
Barite - Sr 37 65 54 47 55 95 
Bastnäsite 1009 86 1423 334 1510 1087 
Bismuthinite 0 1 0 0 0 0 
Bornite 116250 124026 163687 181390 167274 158270 
Brannerite 102 102 186 85 210 84 
Carrollite 419 628 904 836 559 869 
Chalcocite 47160 10729 65680 55618 89666 66289 
Chalcopyrite 439101 516440 347421 419723 337170 399403 
Chlorite 6289 0 10468 10 6820 83 
Clausthalite 2 5 0 13 41 9 
Cobaltite 133 296 265 558 238 352 
Coffinite 154 11 149 52 195 85 
Corundum 0 0 6 0 6 0 
Covellite 927 36089 1100 15499 433 53896 
Crandellite 2242 2214 4047 4693 3337 4095 
Dolomite 29 1 57 18 10 87 
Domeykite 0 0 14 2 0 0 
Fayalite 0 237 0 600 0 0 
FexOy 171903 87628 227055 128857 227299 119486 
Florencite 187 87 174 68 218 369 
Fluorite 9118 40 14231 61 18710 455 
Galena 24 1 33 25 46 5 
Ilmenite 0 0 0 0 0 0 
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Ilmenorutile 0 0 3 1 0 0 
Kaolinite 7 3 16 3 0 12 
Löllingite 0 0 3 0 0 0 
Molybdenite 139 39 45 12 64 458 
Monazite 76 14 33 39 55 88 
Native Cu 4370 123 1084 216 16 6 
Orthoclase 1023 1326 3360 6961 574 944 
Pyrite 128312 161441 72773 90162 61575 78831 
Pyrrhotite 0 0 0 0 0 0 
Quartz 25930 34496 29751 50680 31696 67610 
Rutile 478 237 411 727 262 441 
Safflorite 0 0 1 0 0 0 
Schorl 62 93 232 86 14 44 
Sellaite 0 0 0 0 0 0 
Sericite 30676 21385 41358 38234 38769 41707 
Siderite  8765 8 7370 24 6842 43 
Siderite - Mn 2110 5 2702 9 1749 8 
Slag glass 0 181 0 94 0 0 
Sphalerite 528 467 137 760 137 3 
Synchysite 71 0 146 0 64 0 
Tellurobismuthite 2 7 1 1 3 0 
Tennantite 1 20 11 0 0 37 
Thorite 32 0 3 0 18 5 
Topaz 7 14 68 132 104 381 
Unknown 79 0 299 0 185 2 
Uraninite 293 3 652 2 475 3 
Uranothorite 0 0 0 0 0 0 
Xenotime 40 24 35 94 26 15 
Zircon 67 3 57 157 10 99 
 
Table 11.4. Assay data for selected concentrate samples, +53 µm size fraction, in ppm. Solution 
ICP-MS data provided by BHP. 
 
0815_FC 0815_CLD 1216_FC 1216_CLD 1217_FC 1217_CLD 
Ag  38 21 38 25 41 30 
Al  8500 4300 12400 9100 10500 7500 
As  125 133 128 125 231 211 
Au  7 5 4 5 6 7 
Ba  1100 1100 1300 1500 2000 2200 
Bi  37 41 49 59 66 63 
Ca  5300 200 7800 200 8900 400 
Cd  0 0 3 3 0 0 
Ce  900 400 1200 800 1500 1100 
Co  735 886 676 660 515 686 
CO2  6600 2900 7000 2600 6300 4300 
Cu  265000 301000 274000 319000 300000 350000 
Fe  300000 269000 307000 260000 290000 247000 
K  3300 2000 4900 4400 3600 3000 
La  630 320 860 590 930 710 
Mg  400 200 500 200 500 200 
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Mn  400 100 400 100 300 100 
Mo  48 39 61 59 85 109 
Na  300 300 700 700 100 100 
P  1300 900 1500 1300 1000 700 
Pb  122 107 165 147 196 140 
S  261000 317000 220000 265000 217000 265000 
Sb  5 6 4 11 9 9 
Se  74 82 79 78 76 93 
Si  23600 21600 29000 35600 28000 34400 
Sr  152 107 255 230 222 221 
Te  14 15 11 15 16 17 
Th  16 4 25 9 22 11 
Ti  300 200 400 400 400 400 
U3O8  573 81 847 198 769 206 
Zn  213 246 135 93 106 104 
Zr  33 21 31 45 29 31 
 
Table 11.5. Assay data for selected concentrate samples, head (unsized material), in ppm. Solution 
ICP-MS data provided by BHP. 
 
0815_FC 0815_CLD 1216_FC 1216_CLD 1217_FC 1217_CLD 
Ag  60 74 84 104 78 95 
Al  8900 6100 7400 5400 7700 5800 
As  244 260 241 314 427 470 
Au  9 10 8 8 10 11 
Ba  1200 1400 700 1000 1500 1800 
Bi  72 104 84 150 108 126 
Ca  3400 800 3200 800 4000 500 
Cd  0 0 0 0 0 0 
Ce  900 600 900 800 1000 1000 
Co  616 680 636 669 691 744 
CO2  5100 3700 3300 2600 3700 3300 
Cu  354000 402000 381000 438000 385000 436000 
F  3100 300 3010 320 3740 450 
Fe  266000 218000 259000 190000 260000 187000 
K  3500 2500 3000 2500 2800 2200 
La  550 460 580 530 670 680 
Mg  400 100 300 100 400 100 
Mn  200 100 100 100 100 100 
Mo  220 242 215 240 339 379 
Na  400 200 300 200 400 200 
Ni  30 33 29 32 29 32 
P  2100 2300 100 100 500 500 
Pb  353 397 392 414 319 337 
S  253000 287000 251000 282000 244000 276000 
Sb  8 15 10 17 15 15 
Se  88 118 96 109 101 111 
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Si  20300 22600 15300 18700 16000 19700 
Sr  145 156 172 190 173 197 
Te  18 37 16 41 24 33 
Th  22 6 22 8 24 11 
Ti  300 200 300 300 300 300 
U3O8  1130 120 1310 205 1180 223 
Zn  134 141 89 68 100 82 
Zr  27 24 10 21 27 26 
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Mesoproterozoic copper ores in South Australia contain low to moderate concentrations of uranium, 
representing either a potential economic by-product - or an unwanted contaminant - depending on 
concentration. The daughter products of uranium decay, including the short half-life -emitters, 210Po and 210Pb 
(hereafter 210RN), are present within the parent orebody at extremely low concentrations. Over geologic time, 
substantially different physical behaviours of U and its daughters may result in spatial and chemical decoupling as 
a result of fluid- and pore-driven migration. Remarkably little reliable information is currently available regarding 
mineralogical hosts for 210RN in any solid media, thus making the search for 210RN in complex, fine-grained ores or 
concentrates a major challenge. Identification and characterisation of mineral hosts for 210RN are, however, essential 
to guide attempts to eliminate or reduce unwanted 210RN in industrial copper concentrates. These are the 
overarching goals of the Australian Copper-Uranium Transformation Research Hub. 
 
Concentrations of 210RN are so low (< parts-per-trillion) that they cannot be measured directly by conventional 
microanalytical methods. Bulk measurements of mill feed and concentrates give quantitative abundances, but 
no information on specific mineral hosting (or lack of hosting, in the potential case of liberated nanoparticles) 
of 210RN. High-resolution scanning electron microscopy (SEM) provides detailed mineralogy of concentrates 
down to ~1 micron, but fails to discern if our target radionuclides are in solid solution in a mineral or exist as 
discrete nanoparticles within grain boundaries. 
 
Our solution is to use a multi-faceted approach, starting with new techniques designed to accurately track the 
location of -emitters in-situ within a polished thin section. Once areas likely to contain 210RN are located, ca.  
10 x 30 m-sized slices are extracted in-situ from the section using focussed-ion-beam SEM and prepared as 
thin foils for transmission electron microscopy (TEM), permitting visualization of, and compositional data on 
the smallest particles of interest. 
 
Thus far we have identified several potential 210RN hosts, including <5m crystals of galena and its selenide 
and telluride analogues (clausthalite and altaite.) Subordinate hosts may include barite and other sulphates, 
iron oxides and hydroxides, and various rare earth element-bearing minerals known to contain uranium and 
lead. 
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Mesoproterozoic IOCG deposits in South Australia contain low to moderate (<1000ppm) concentrations 
of uranium, representing either a potential economic by-product – or unwanted contaminant – 
depending on concentration.  Additionally, the ore contains trace amounts of daughter products from 
uranium decay.  Over geologic time, these daughters become spatially and chemically decoupled from 
the uranium due to differences in physical characteristics from one element to the next in the decay 
series.  Most of these are efficiently separated from the target metals (copper, gold, silver) during 
processing, but two radionuclides, 210Po and 210Pb (hereafter 210RN) are found in elevated 
concentrations in copper concentrate.  Smelting the concentrate on-site alleviates this, but is expensive.  
The Australian Copper-Uranium Transformation Research Hub was formed to find an economical 
alternative method for removing 210RN from the valuable commodity.  
Concentrations of 210RN are so low (< parts per trillion) that conventional microanalytical techniques are 
inadequate.  Alpha-counting of bulk samples can accurately determine activities of 210RN at each stage 
of ore processing, but gives no information on specific mineral hosting (or lack of hosting, in the potential 
case of intra-grain nanoparticles.)  Understanding the exact characteristics of both 210Po and 210Pb with 
regard to distribution, oxidation state, bonding energies, host minerals or co-precipitation elements, 
mobility, and concentration/coagulation pathways will be critical in developing an efficient method for 
their extraction.   
Our solution is to use a multi-faceted approach, starting with micro-scale techniques and continuing into 
nano-scale methods.  Scanning electron microscopy (SEM) will be used in concert with high resolution 
alpha-decay tracking to locate potential regions of 210RN accumulation.  Small, thin sample foils (10 x 
20m) will be cut using focussed-ion-beam SEM and analysed on a transmission electron microscope 
(TEM), capable of both imaging and compositional analysis on a sub-nanometre scale.   
Thus far we have identified several potential 210RN hosts, including numerous microcrystals of minerals 
belonging to the lead-silver-bismuth-sulphide-selenide-telluride family.  Subordinate hosts may include 
barite and other sulphates, iron oxides and hydroxides, and various rare earth element-bearing minerals 
known to contain uranium and lead.  Once identified, characterisation of the radionuclides and their 
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Topic 2: crystallization, particles and mineral processes 
 
 
Hosts for non-target uranium and associated radionuclides in South 
Australian copper ores and concentrates  
M. Rollog1*, N.J. Cook1, D.S. Schmandt1, K. Ehrig2, B. Triffett3 
1School of Chemical Engineering, Univ. of Adelaide, Adelaide, SA 5005, Australia (*Correspondence: 
mark.rollog@adelaide.edu.au) 
2BHP Billiton Olympic Dam, Adelaide, SA 5000, Australia  
3OZ Minerals, 162 Greenhill Rd., Parkside SA 5063, Australia  
South Australian copper ores contain low to moderate concentrations of uranium - treated as 
an economic by-product, contaminant, or both, dependent on concentration. Daughter 
products of 238U decay are also present, including the α-emitters 210Po and 210Pb (210RN). Each 
daughter radionuclide has distinct physical and chemical properties likely resulting in natural 
decoupling through different re-mobilization pathways of parents and daughter element 
isotopes. This decoupling could be further exacerbated during ore processing, potentially 
creating processing products enriched in 210RN relative to 238U. 
There is currently limited data about mineralogical hosts for 210RN, making prediction of 
location within complex, fine-grained ores or concentrates a significant challenge. Information 
on potential mineral hosts for 210RN is essential to guide attempts to eliminate or reduce 
unwanted 210RN in copper concentrates and tailings. Concentrations of 210RN are so low (<1 
part-per-trillion) that their presence in individual minerals cannot be measured directly by 
conventional microanalytical methods. In order to understand the 210RN mineralogical 
deportment in mill feed and concentrates, we rely on indirect information drawn from assays 
and RN measurements on bulk material, micron-scale mineralogical characterization, and 
determination of concentrations of proxy elements and isotopes within the lattices of specific 
minerals. SEM analysis provides identification of potential sub-µm-sized 210RN-bearing 
mineral grains, including nanoparticles within sulfides and gangue, and at mineral-mineral 
boundaries. These data and focused ion bean (FIB)-SEM and TEM investigations assist in 
building a robust qualitative model for 210RN deportment and an understanding of the different 
pathways responsible for changes in that deportment. 
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South Australian iron-oxide copper gold (IOCG) deposits 
contain uranium and its decay products. Efficient separation 
of radionuclides – specifically 210Pb and 210Po (hereafter 
210RN) from copper sulphide concentrates has proven to be 
difficult due to poor constraints on their mineralogical 
deportment and behaviour throughout the metallurgical 
extraction process. To date, efforts to determine host 
mineralogy of RNs have been hampered by concentrations far 
below minimum detection limits of most instrumentation – on 
the order of parts per trillion to quadrillion. 
 We present here the first direct evidence for the location 
of 210RN and 226Ra within specific mineral grains, as imaged 
by the Cameca nanoSIMS 50L at the University of Western 
Australia. Compositional maps confirm, for example, the 
presence of 210RN in apatite (Fig. 1), brannerite, and 
uraninite, and of 226Ra in barite. 
 
 
Figure  1: 210RN in zoned apatite from Olympic Dam.    
Green = Fe, blue = Ca, red/pink = 210RN. 
 
 Mapping individual grains via nanoSIMS unlocks the 
possibility of creating and validating a mineralogical budget 
for RNs in copper ores and their host minerals. This is a pre-
requisite for develeping methods to eliminate or reduce their 
abundance in copper concentrates. 
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Copper, Uranium, gold and silver are the final products 
from mining and processing of the supergiant Olympic Dam 
deposit, South Australia. The presence of economic 
concentrations of U necessitates a thorough understanding of 
the deportment of U and its daughter isotopes, both in the 
deposit and during extraction, to ensure efficient removal of 
non-economic metals.  The extremely fine-grained nature of 
the deposit has precluded many conventional microscale 
analytical techniques, so we have begun exploring the 
nanoscale.   
The Cameca nanoSIMS 50L is capable of providing spatial 
distrubutions of trace elements in copper ore, including 230Th, 
226Ra, and 210RN, to a resolution of 40nm (Fig. 1).  Although 
not yet a quantifiable method, this powerful imaging technique 
provides invaluable insight into the deportment, mobility, and 
potential hosts of trace elements in the orebody.  NanoSIMs 
isotopic mapping has been instrumental in deciphering ore 







Figure 1.  Barite, coffinite, sphalerite, and sericite from core 3554, 
Olympic Dam.  Left pane shows SEM image, right pane shows 
nanoSIMS distribution overlays of 206Pb (cyan), 226Ra (yellow), and 
238U (magenta). 
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In situ mapping of radionuclides in Olympic Dam copper 
concentrates by nanoSIMS 
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3 BHP Olympic Dam, Adelaide, Australia  
*Mark.rollog@adelaide.edu.au   
 
The Olympic Dam iron oxide-copper-gold-uranium deposit, South Australia, not only 
contains significant copper, gold and silver resources, but is also the world’s largest uranium 
resource. Complex ore processing strategies endeavour to extract target metals and 
separate them efficiently from unwanted components. Of particular interest during copper 
concentrate production are the 238U decay chain radionuclides (RNs) 226Ra, 210Pb, and 210Po, 
which have maximum concentration requirements far below minimum detection limits for 
most in situ analytical techniques. Fine- to ultrafine-grained ore textures prohibit 
conventional mineral separation and bulk activity measurements, hindering identification and 
targeting of RN host minerals for removal.  
The CAMECA nanoSIMS platform provides the capability to map RN distributions in situ, 
at sub-micron spatial resolution, within individual minerals. Sample grains collected from 
various stages of processing were embedded in epoxy resin, polished, and mapped for up to 
21 isotopes. Evaluation of the 4000+ resulting isotope maps has provided a wealth of 
information regarding the deportment of radionuclides in the deposit and throughout the 
processing stream. Uranium-bearing phases (uraninite, coffinite, uraniferous thorianite, 
euxenite) tend to retain all daughter isotopes, albeit to varying degrees. Phosphates 
(xenotime, apatite, monazite) readily incorporate Th, and usually retain the rest of the decay 
chain. Sulphates (baryte, anglesite, aluminium-sulphate-phosphates) can uptake substantial 
amounts of 226Ra and 210Pb, especially during acid leaching. Other minerals, including 
hematite, fluorite, rutile, molybdenite and covellite have been identified as potentially  
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significant reservoirs of RNs at Olympic Dam. Recognition of the carrier phases for 
specific radionuclides facilitates their targeted removal. 
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Abstract 
Aluminium-phosphate-sulfates (APS) of the Alunite Supergroup are minor components of 
uranium-bearing copper ores from the Olympic Dam deposit, South Australia. They typically 
represent a family of paragenetically-late replacement phases after pre-existing REE-
phosphates. Characterization with respect to textures, composition, and relationships with other 
minerals allows two groups to be distinguished: Ca-Sr-dominant aluminium-phosphate-
sulfates that fall within the woodhouseite and svanbergite compositional fields; and a second 
REE- and phosphate-dominant group closer to florencite in composition. All phases 
nevertheless display extensive solid solution among end-members in the broader APS clan and 
show extensive compositional zoning at the grain-scale. NanoSIMS isotope mapping provides 
evidence that the APS minerals scavenge and incorporate daughter radionuclides of the 238U 
decay chain, notably 226Ra and 210Pb, both over geological time within the deposit and during 
flotation and subsequent acid leaching. These data highlight the role played by minor APS 
phases as hosts for non-target (deleterious?) components during processing, as well as offering 
potential pathways to their elimination and reduction. 
 
Keywords: Alunite Supergroup; aluminium-phosphate-sulfates; 238U decay series 
radionuclides; mineral processing. 
Introduction 
Minerals of the Alunite Supergroup (Jambor 1999; Bayliss et al. 2010), especially the 
beudantite and crandallite groups, have found extensive application in environmental 
remediation and storage of toxic metals as they undergo extensive solid solution with the 
exchange of bi- to hexavalent cations at multiple sites in their structures (Kolitsch and Pring 
2001). Elements that can be incorporated include As, Pb, Bi, Hg, Tl, Sb, Cr, Se, and rare earth 
elements (REE), as well as radioisotopes generated by decay of radioactive K, Sr, Th and U. 
Most beudantite and crandallite group minerals are stable up to high temperatures (400-500 
°C) and remain insoluble even over a wide range of pH and Eh conditions (Kolitsch and Pring 
2001). These robust characteristics also make them potential hosts for daughter products of U 
decay (notably 210Pb and 210Po, hereafter 210RN) in U-bearing ore deposits and in materials 
resulting from the processing of such ores. 
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Abstract 
The ability of aluminium-phosphate-sulphate (APS) phases to preferentially sorb 
radionuclides, particularly 210Pb, from metallurgical processing streams make them ideal 
candidates as natural additives for the separation and removal of radionuclides from 
environments. In the present study, the nature and mechanism of their sorption capabilities 
were investigated in a range of Pb concentrations (10-1000 ppm) and pH (1.5-5.5), mimicking 
that of metallurgical processes and adverse environmental conditions, as is the case with acid 
mine drainage. Through a combination of surface characterization and bulk characterization 
techniques including solution-ICP-MS, EPMA, LA-ICP-MS and XAS analysis, we confirmed the 
successful incorporation of Pb by synthesized APS phases and provided a mechanistic 
pathway, with Pb sorption favoured at pH 3.5-5.5 via the direct replacement of lattice bound 
Ca by Pb within the APS crystal structure. Further, XANES and EXAFS analysis showed that 
while the formation of Pb-APS was favored at higher pH, the formation of a pyromorphite-
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like structure with available PO43- ligands following the dissolution of accessory augelite was 
favored at pH 1.5. The observed Pb-incorporation dynamics of APS Minerals, discussed in this 
comprehensive study, along with their insolubility and high thermodynamic stabilities, 
highlights the use of APS minerals as a novel future pathway for the uptake and isolation of 
Pb, radiogenic and non-radiogenic, from surface and groundwater environments. Further, 
their ability as an environmental remediation agent in a number of settings, from 
metallurgical processing to contaminated soil and groundwater remediation, to reduce the 
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